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The application of polymers in daily life has increased recently, where extensive energy 
costs are always an issue to consider during the manufacturing. Competitive markets in 
plastic industry require regular research and development of the materials and the 
manufacturing process. This thesis addresses the application of the ultrasonic vibrations in 
the polymer extrusion with the aim of reducing power consumption of the extrusion 
process. The effective penetration depth of the ultrasonic vibrations in the polymer melt 
was determined and used in the design of the ultrasonic horn and the housing block.  
Two different grades of polyethylene was extruded using a 25mm extruder to investigate 
the effects of ultrasonic vibrations on the polymer melt during the extrusion of 
polyethylene strips at 5 different screw speeds. The extruder barrel pressure, die entrance 
pressure decreased when processing with ultrasonic vibrations and when compared to 
conventional extrusion. The extruded products’ properties were systematically investigated 
using tensile, DMA and DSC tests. The results indicated that the power consumption of the 
extrusion process reduced by the application of ultrasonic vibrations without any adverse 
effect on the extruded products’ properties.  
A 50mm extruder with second generation ultrasonic horn was used to study the effects of 
ultrasonic vibrations on the processing parameters and properties of the strips and pipes. 
The extrusion trials were carried out using two grades of polyethylene for production of the 
strips and four different grades of polyethylene for production of pipes. Processing with 
ultrasonic vibrations showed lower barrel and die entrance pressure when compared to the 
conventional extrusion. The consumed power for extrusion of the strips and pipes was 
reduced by application of ultrasound in comparison with conventional extrusion. The 
mechanical, thermal and rheological properties of the strips and pipes did not change by 
the application of ultrasonic vibrations. 
The third generation ultrasonic horn was designed to allow ultrasonic assisted extrusion of 
pipes using a 90mm industrial extruder. The trials were not successful as a result of 
ultrasonic horn and generator failure due to change in the horn design characteristics at 
processing temperatures. New key factors involved in sonotrode design were identifies and 
iii 
raised and based on these factors, the suggestions to improve the performance of the horn 
was made. 
As a result of this work, various theories are discussed to explain the effects of ultrasonics 
on the melt. The lack of change in mechanical, thermal and rheological properties 
indicated that any modification of the polyethylene structure by this research could be 
dismissed. Thus, the most possible explanation for the observed effect on the process is 
that high frequency vibrations could increase temperature locally or reduce friction 
between polymer melt and the ultrasonic horn. It leads again to the key conclusion that 
with the correct horn design, total power consumption can be reduced without negatively 
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1.1 Introduction to Polyethylene 
1.1.1 Structure of Polyethylene 
Polyethylene is possibly the thermoplastic with the widest range of applications because of 
its properties. The popularity and use of polyethylene to produce plastic pipes has 
increased because of its light weight, corrosion resistance and environmental friendly 
nature. Polyethylene is a thermoplastic material composed of carbon and hydrogen atoms 
bonded together forming high molecular weight polyethylene as shown in Figure 1-1. The 
flexibility of the C-C bonds in polyethylene leads to very low temperatures of glass 
transition (-130°C to -60°C) [1].  
 
Figure 1-1: Polyethylene molecular chain. 
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The melting temperature of commercial semi-crystalline polymers is usually in the range 
of 108°C-145°C [2, 3], where the exact value of melting temperature depends on the 
molecular structure. In the structure of polyethylene around 50-60% of the material is 
arranged in a crystal structure while the rest of the material is bound together with Van der 
Waals forces. It is the structure of the crystal phase compared to the amorphous phase that 
gives linear polyethylene its characteristic properties. 
Commercial polyethylenes vary in their molecular weight (MW), molecular weight 
distribution (MWD) and their structure (short/long branched or linear). Differences in 
molecular weight like branching will give rise to variations in properties. The higher the 
molecular weight, the greater will be the entanglements between polyethylene molecules. 
Therefore a difference in the MW will affect the properties related to large movements of 
polymer chains such as tensile strength/elongation and the melt viscosity. Furthermore 
changes in the chain structure such as short branching will affect the crystallinity of the 
system and the properties involved with small deformations in the solid form such as 
Young’s modulus. 
1.1.2 Mechanical properties of Polyethylene 
The mechanical properties of polymers are dependent on the strain rate, temperature, 
molecular weight and the degree of chain branching.  The effect of molecular weight and 
crystallinity on the tensile properties and stress strain behaviour of polyethylene is shown 
in Figure 1-2 [4]. It can be seen that by increasing the molecular weight the tensile strength 
and strain hardening of the samples increase and the yield point becomes more well 
defined compared to lower molecular weight samples [4]. The increase in the crystallinity 
has a significant effect on the yield strength while the elongation at break and the strain 
hardening rate does not seem to be affected significantly by increasing crystallinity.  
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Figure 1-2: Stress-strain curves for linear polyethylene as a function of Mw (a) and different 
crystallinity levels (b) (· · ·) XC=0.64; (- . - .) XC=0.55;  (―) XC= 0.44; (- - - -)XC=0.46 [4].   
The general effects of changing the tensile testing rate and temperature on the stress strain 
behaviour are shown schematically in Figure 1-3. It can be seen that by increasing the 
strain rate or decreasing the test temperature the yield point becomes more noticeable.  
 
Figure 1-3: Effect of tensile strain rate and temperature on stress strain curves [5, 6].  
Deformations up to the yield point are recoverable where the polymer shows almost 





  Chapter 1 - Introduction to Polyethylene 
4 
and cold drawing of the sample begins after the yield point where strain hardening can be 
observed. 
1.1.3 Thermal properties  
Most of thermoplastic polymer properties such as mechanical, rheological and structural 
are dependent of test temperature. This could be explained by the fact that, increasing the 
temperature softens the thermoplastic polymer by allowing movements of chains. On the 
other hand cooling of the thermoplastic polymers reduces and restricts the movement of 
the chains. This change of properties by the variation of temperature urges a deeper 
investigation of the thermal properties of the polyethylene such as glass transition 
temperature, melting and crystallisation temperature.    
Several factors can affect the glass transition temperatures in polymers and these are: 
 Molecular weight: high molecular weight polyethylenes compared to low molecular 
weight polyethylenes have less ‘chain ends’ in a given volume. Chain ends are less 
restrained and increase mobility of the polymer leading to lower glass transition 
temperatures [7, 8].  
 Bonding between chains: cross linking or bonding between chains decreases the 
mobility of the chain and therefore increases Tg [9, 10]. 
 Stiffness of the back bone: polymers with stiffer backbone (i.e. double bonds instead 
of single C-C bond) will have higher glass transition temperature as the energy to 
rotate will increase. Also attachment of side chains will increase the Tg, for instance 
polypropylene compared to polyethylene has a higher Tg as a result of side chains 
[11]. 
Melting temperature is one of the thermal properties that is related to the crystalline phase 
of the polymer. Melting temperature is the temperature that the crystallite melts and it can 
be affected by modifying the crystalline phase and structural properties of the polymer. 
The melting temperature depends on the molecular weight distribution and the degree of 
crystallinity [12].  It increases by increasing the molecular weight, the stiffness of the 
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backbone, side groups and presence of intermolecular forces. Reported values of melting 
temperature for polyethylenes are normally around 140°C [13]. 
Theoretically, polyethylene could be 100% crystalline as a result of its simple structure and 
the chain. However in reality this is almost impossible, as presence of random ethylene 
propylene copolymer results in rubbery material and a phase which leads to a decrease in 
the degree of crystallinity of the system and forming a semi-crystalline structure. This is 
also related to the thermodynamics of the system that forces the polymer chains to fold 
many times in the formation of the crystals. The fold surface has a lower level of 
crystallinity than the straight chain segments. Crystallisation temperature for polyethylene 
is normally between 115-132°C and 5-10°C lower than melting point [14].   
1.2 Extrusion of Polymers 
Extrusion is one of the most important processing methods for plastics. The two main 
reasons that make the extrusion process different from other processing methods are:  
 Its wide range of applications such as blow moulding, profile extrusion, film extrusion 
and etc.  
 The continuous and not cyclic (such as injection moulding, compression moulding and 
rotational moulding) nature of the extrusion process.  
1.2.1 Basic principles of polymer extrusion 
The extruder is the heart of the extrusion process, where the plastic which, normally in 
granular form, is fed through the hopper into the extruder barrel (Figure 1-4). The granules 
inside the barrel are conveyed forward by the screw while being heated by conduction and 
shear and then the melt is pumped up to the die.  At the end of the extruder the molten 
polymer is pushed through the die to form into desired shape. In general the plastic 
extrusion processes consist of three phases: 
 Production of well plasticated melt  
Polymer powder/granules conveyed through the extruder and heated to produce the 
polymer melt. The melt mixed and compacted toward the end of the extruder.  
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 Forming of the product 
Produced melt by the extruder is pushed through the die to form into the desired shape. 
 Cooling of the product so it retains its shape 
The extrudate exiting the die in the shape of the product is still in molten state and it 
should be cooled to keep the shape. 
 
Figure 1-4: A typical single screw extruder[15]. 
A typical extruder screw consists of three zones which are shown in Figure 1-5. The first is 
the feed zone where the polymer granules are preheated and conveyed forward to the 
second zone, the screw depth in this section is constant.  
The second zone is the transition or compression zone where the depth of the flight 
decreases gradually to push back any trapped air to the feed zone and compact the material 
delivered from feed zone. The melting of the granules by conduction and shear heating 
occurs in this section. The shear heating is the main process used to melt and homogenise 
the polymer where the conductive heating is only used to start the process off.  
The third zone is the metering zone. It is characterized by its constant flight depth which is 
comparatively lower than that of the screw in the feed section. In this zone the molten 
polymer is homogenized in terms of the temperature and consistency and delivered into the 
die.  
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Figure 1-5: Typical plasticating screw geometry[16]. The three typical zones have been labelled above 
the barrel. 
1.2.2 Extrusion of pipes 
For the manufacturing of pipes an extruder is needed to provide the molten polymer for 
shaping and forming the final product. At the end of the extruder different dies can be 
fitted to produce a variety of product range. As the main objective of this study is pipe 
processing, a description of a typical pipe die follows.  
Figure 1-6 shows a pipe die with spider legs for the alignment of the mandrel. The polymer 
melt enters the right end of the die where it is of a bigger cross sectional area than the exit 
of the die. The melt is then distributed evenly on the torpedo shaped mandrel and pushed 
toward the exit of the die. The mandrel is aligned in the centre of the die to ensure uniform 
thickness of the extrudate leaving the die. The molten polymer leaves the die in tubular 
form and enters the cooling/calibration system. 
  Chapter 1 - Extrusion of Polymers 
8 
 
Figure 1-6: A typical pipe die showing the entrance and the exit of the die. The die benefits from spider 
leg design for the centring of the mandrel [17]. 
The die is externally heated and has a flow channel which changes shape smoothly from 
the extruder barrel to the product. The output rate of an extruder die depends on the 
pressure drop across the die. By increasing the pressure at the end of the extruder barrel 
and the entrance of the die (increasing screw speed) the output will increase. However, 
high pressures will cause reduction of material delivery from the metering zone as a result 
of pressure flow. Therefore it is necessary to match the screw and die design to optimize 
the overall throughput performance of the extruder.  
 
Figure 1-7: A typical Vacuum and cooling tank for manufacturing of polymer pipes. 
Vacuum Section Cooling Section 
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In order to retain the shape and dimensions the extrudate needs to be calibrated and cooled 
quickly. A sizing operation is applied to the extrudate immediately after the melt leaves the 
die to hold the dimensions of the pipe while it is cooled and solidified. 
This is accomplished by drawing the extrudate into a sizing sleeve which is fitted to the 
end of a cooling tank. The extrudate is pulled into the internal walls of the sleeve either by 
applying the vacuum within the tank or by the air pressure from inside of the extrudate 
(Figure 1-7). After exiting the vacuum sizing tank the pipe moves through the spray 
cooling tank where water is sprayed onto the pipe to complete the cooling process. 
To pull the extrudate from the die into the vacuum/cooling tank and to maintain a constant 
draw down ratio of the melt a puller or haul-off is used. Normally the haul-off is equipped 
with special pads on the belt to increase the grip on the pipe and also avoid a change of 
shape caused by the load applied to grip the pipe. 
The last element of a pipe manufacturing line is a cutter or saw which cuts the 
manufactured pipes into standard lengths. 
1.3 Ultrasonic waves and their applications 
Ultrasonics is a branch of acoustics that deals with vibration waves of higher frequency 
than the hearing range and it is often considered as vibrations with frequencies higher than 
20 KHz. In this section the basic principles of ultrasonics will be discussed.  
1.3.1 Background theory of ultrasonics 
Ultrasonic waves are stress waves and, therefore the presence of a mass media is essential 
for its propagation. Ultrasound is a wave motion and obeys a general wave equation. 
Similar to light, the speed of ultrasound waves in a medium depends on the properties of 
that specific medium.  It can be reflected from surfaces and refracted when going from one 
medium to another. When an ultrasound wave travels through a medium the amplitude of 
the wave decreases (attenuates). The attenuation could be caused by several factors such 
as, spreading of the wave front, conversion of the vibrations and mechanical energy to heat 
and scattering from irregular surfaces.  
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Figure 1-8: Longitudinal wave showing the wave length, λ, and the direction of the propagation. 
When the ultrasound waves travel in a medium, the particles of the medium vibrate around 
their mean position. Ultrasound waves can be divided into three main categories which are 
longitudinal (compressive), shear and surface waves. Solids can transmit all the types, 
most liquids transmit only longitudinal waves and surface waves and gasses can only 
transmit longitudinal waves. Depending on the motion of the particles of the medium the 
longitudinal ultrasound waves (Figure 1-8) can be converted into shear waves as the 
energy passes from element to element by shear stress. 
The velocity of ultrasound waves in polymer melt is a factor of medium’s elastic properties 
and density. The velocity of the ultrasound waves, CL,  in polymer melts is [18]:  
    1-1 
Where ρ is the density, E is the modulus of elasticity and ν is the Poisson’s ratio.  When 
the polymer melt is subjected to the shearing stress, the macromolecular chains tend to 
align parallel to the direction of the shear flow. Therefore the modulus in the perpendicular 
direction to shear flow decreases due to orientation of the chains in the direction of flow. 
Reduction of modulus in normal direction to the direction of flow leads to lower ultrasound 
speeds in this direction according to Equation 1-1. The application of US vibrations is 
effected by customised US equipment.  A description of this and the manner in which the 
US waves are exploited is given in the following section. 
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1.3.2 Components of an ultrasonic system 
Ultrasonic waves are standing waves which are generated in the transducer and travel 
through the medium of booster and the sonotrode to be transferred into the melt or the 
liquid. Standing waves are generated by superposition of two set of same type of waves 
(transverse or longitudinal) having the same time period, amplitude, frequency and wave 
length travelling with the same speed along the same straight line but in opposite direction. 
A type of standing waves which is being used in sonotrodes, is usually open at both ends. 
This is because the input end of the sonotrode which is in contact with the booster needs to 
be in maximum vibration amplitude to allow the wave to travel into the sonotrode 
efficiently. The output end is free vibrating end and acts as an open end, which constructed 
of two open end standing waves. A typical standing wave with both free ends is shown in 
Figure 1-9. As it is shown in Figure 1-9, the minimum length between two successive 
antinodes is λ/2. 
 
Figure 1-9: Typical standing wave with both free ends. 
The possible standing waves with both free end pattern (first harmonic) for a known length 
of the medium (L) will be with wave length of: 
 First harmonic: λ=2L 
Second harmonic: λ=L 
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Third harmonic: λ=2L/3 
n
th
 Harmonic: λ=2L/n 
For a known wave length of λ the length of vibrating medium will be of integer multiplies 
of λ/2 which could be λ/2, 2×λ/2, 3×λ/2, 4×λ/2 ... n×λ/2. 
The ultrasonic equipment consisted of a power supply unit, transducer, booster and the 
horn. The ultrasonic power supply transfers the 50/60 Hz voltage to a high frequency (20 































































































Figure 1-10: Ultrasonic system for generation of ultrasound waves. 
High frequency voltage is then applied to the piezoelectric crystals within the converter, 
where it is changed to small mechanical vibrations with the same frequency as electrical 
energy (20 KHz). The vibrating motion generated by the converter (transducer) is normally 
too low, in terms of vibrations amplitude, for practical use and so it is necessary to magnify 
or amplify this motion. The converter’s longitudinal vibrations then can be amplified by 
the booster and transmitted to the sonotrode. Usually sonotrodes are half a wavelength or 
multiple half wave length long depending on the application and the desired distance from 
the sample. 
The transmitted longitudinal vibrations from the booster is then amplified by the horn and 
transmitted to the liquid as Ultrasonic waves consisting of alternate compressions and 
rarefactions. 
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1.3.2.1 Power Supply 
The power supply (see Figure 1-10) is basically a transformer that converts electrical 
power to the required frequency and voltage. In order to achieve a steady ultrasound 
delivery it is necessary to monitor voltage, current and frequency of the current from the 
power supply regularly. 
1.3.2.2 Transducer 
The transducer converts the supplied electrical power to mechanical vibrations. 
Transducers used in modern power ultrasonic systems are based upon the pre-stressed 
piezoelectric design. In a transducer a number of piezoelectric elements are bolted together 
by a screw through the transducer clamps and the disks. The piezo elements would be of 
pre-polarized lead/titanate/zirconate composition which has high activity, low loss and 
ageing characteristics. By application of an alternating voltage to a length of polarized 
piezoelectric rod, the dimension of the rod will change in sympathy with the applied 
voltage. The frequency and amplitude of the transducer is defined by frequency of the 
applied electric current, the piezoelectric resonant length respectively. Transducer is a 
tuned system that resonates at the desired operating frequency.  
1.3.2.3 Booster 
A booster is connected between the transducer end and the sonotrode and amplifies the 
intensity of the vibrations. The booster is usually a tuned half wave piece so that it 
increases or decreases the amplitude passed from the transducer to the sonotrode. A 
booster has different masses on each end and the difference is defined in a way to have a 
certain gain ratio where gain ratio is the ratio between the amplitude at the sonotrode end 
of the booster and the amplitude at the transducer end of the booster. 
1.3.2.4 Sonotrode 
Sonotrode is an element of ultrasonic system that receives the vibrations generated by 
transducer through the booster and magnifies them to higher amplitude which is more 
suitable for practical use. Sonotrodes like other components of an ultrasonic system are 
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resonant at the operating frequency and can be made in any shape (Figure 1-11) depending 
on the application to it. Usually the sonotrodes are half a wavelength long and if longer 
distances from the sample are required, they can be designed in multiple half lengths long.  
 
Figure 1-11: Typical designs of sonotrodes with different magnifications. 
The material of the sonotrodes should be of high dynamic fatigue strength, low acoustic 
loss and resistant to erosion caused by cavitations.  The materials favoured for many 
industrial applications are titanium alloys, stainless steel and aluminium alloys. 
1.3.3 Effects of Ultrasound 
Depending on the applications, ultrasonics can have different effects on a process. The 
main possible effects are as follows:  
 Heat dissipation    
Ultrasonic waves can be easily converted to thermal energy. This effect has been 
employed in plastic and metal welding to generate friction between the surfaces to be 
joined. The generated heat from friction melts the two surfaces and thus can be used to 
join them together in a very short cycle time. 
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 Cavitation 
Ultrasound waves locally generate very high pressure pulses and when the pressure is 
removed due to the decompression part of the wave cycle, small bubbles of vapour are 
formed. This effect is called cavitation and can happen in liquids subjected to 
ultrasound. However, the viscosity of the liquid plays an important role in the creation 
of cavitation and for high viscosity liquids/melts cavitations do not occur. When 
formed, the vapour bubbles are extremely unstable and when they collapse they 
generate high energy shock waves in the liquid. The enormous number of the bubbles 
which have been formed and collapsed can affect the properties of the liquid by creating 
high temperatures and pressures when the bubbles collapse.  
 Decrease of friction 
Another effect of high frequency ultrasound waves is that the surface of the sonotrode 
and the medium tend to separate from each other. This can be obtained by the 
separation of the surfaces or reduction of the friction to zero. The very high frequency 
movement of sonotrode generates a low friction zone on the boundary layers of the 
surfaces which are in contact with the polymer melt.  
1.3.4 Applications of Ultrasonics 
Ultrasonics has been employed in a variety of industrial applications some of which are 
listed below. 
 Sonochemistry, i.e. influencing chemical reaction rates 
 Ultrasonic cleaning, i.e. ultrasonic cleaning baths 
 Ultrasonic welding, i.e. plastic and metal welding 
 Ultrasonic sieving, i.e. industrial ultrasonic sieves  
 Ultrasonic machining, i.e. ultrasonic drills 
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 Non destructive ultrasonic testing, i.e. inspection of airplane parts 
1.4 Thesis Outline 
The effects of ultrasound have been studied on numerous occasions in the polymer 
processing industry. There are several applications of ultrasound in polymer processing 
such as ultrasonic welding, non destructive testing, online monitoring, etc.  
The aim of this study was to develop an ultrasonic system which is a part of the extrusion 
system. An annular die was chosen for the development as it is used in several processes 
such as pipe, film and blow moulding. The extrusion of polyolefins was carried out with 
and without presence of ultrasonic vibrations on 3 extruders with different flow rates to 
investigate the effects of ultrasonic vibrations on the extrudate and processing parameters. 
The objective of this thesis was to use the application of ultrasonic vibrations in extrusion. 
The material was confined to polyethylene because of the favourable processing conditions 
of PE and very aggressive form of the vibrations. 
The objective was achieved in following developments and chapters: 
Chapter 2 
 The determination of the effective penetration depth of ultrasound waves in a 
polymer melt. 
Chapter 3 
 The design of a housing block for the sonotrode to be fitted to a lab scale extruder 
(25mm). 
 To carry out lab scale extrusion trials of commercial pipe grade polyethylene with 
and without the presence of ultrasound. 
Chapter 4 
 The design of an ultrasonic horn which could be used as an annular die. 
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 The modifications of the initial design to optimize the performance of the 
sonotrode and to design a 2
nd
 generation sonotrode and housing block to be fitted 
to a pilot scale extruder (50mm). 
  To carry out pilot scale extrusion trials of different grades of polyethylene with 
and without ultrasound. 
 To carry out pipe extrusion trials with commercial pipe grade polyethylenes and to 
investigate the effect of ultrasound on the processing conditions of the pipes. 
 To carry out pipe extrusion trials with an unfilled polyethylene resin, the same 
polyethylene resin filled with 20%wt and 40%wt CaCO3 with and without 
ultrasound to study the effect of ultrasonic vibrations in presence of fillers. 
Chapter 5 
 The design and manufacture of a 3rd generation ultrasonic horn and housing block. 
 To carryout extrusion trials with PE80 and the third generation ultrasonic die using 
a 90mm extruder. 
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Chapter 2                                              
The Effect of Ultrasonic Vibrations on 




When a liquid is subjected to an ultrasonic field a feature of this is the nucleation and 
growth of bubbles that subsequently suddenly collapse. This can result in shock waves 
imparting a high temperature and a high pressure [1] that can be sufficient to cause the 
scission of chemical bonds and the formation of macro-radicals.  The transient, localized 
hot spots can have sufficient energy to activate high energy chemical reactions. It has been 
reported [2-4], these hot spots have temperatures of as high as 5000
o
C, pressures of about 
1,000atm and heating/cooling rates above 10
10
 K/s.  
According to the general mechanism of cavitation, when the viscosity of the liquid 
(solution) goes beyond 2.0 Pas, cavitations do not form [5]. The high viscosity of 
polyethylene including the pipe extrusion grade that was employed in this study prevented 
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the formation of cavities and thus the energy of the vibrations was transferred uniformly 
into the melt. Ultrasonic waves are mechanical waves that propagate at a higher frequency 
than sound in the human audible range. When an ultrasound wave travels through a 
medium, it suffers a loss in its energy due to various mechanisms, such as spreading, 
scattering and absorption [6-32].  
In a homogeneous material, where energy losses due to scattering may be considered 
negligible, the absorption is attributable to thermal conductivity, viscous effects and other 
molecular processes.  The absorbed energy results in a temperature rise in the medium that 
can be used to provide information about the acoustic field and penetration depth.  
In order to design a polymer melt flow channel that would enable the most effective 
transfer of ultrasonic energy to the material, the penetration depth of the USV’s within the 
melt had to be determined. The intensity of the waves or any other parameter which is the 
direct consequence of introducing ultrasonic vibrations into polymer medium can be 
measured at different distances from the ultrasonic horn to determine the effective 
penetration depth. Amongst all the measurable direct effects of the application of 
ultrasonic vibrations to a polymer, temperature is the easiest one to measure and record. An 
experimental arrangement to define the penetration depth was set up to enable the polymer 
melt temperatures to be measured from the surface of the ultrasonic horn through the 
polymer melt away from the surface of the horn.   
2.2 Materials  
A commercial pipe extrusion grade Polyethylene (PE80), melt flow rate of 0.33 g/10min 
under a load of 5Kg at 190
o
C, was used in this study. PE80 is a commercial pipe grade of 
HDPE manufactured by BOREALIS which contains carbon black to increase the material’s 
UV resistance. Samples of the materials were supplied by Polypipe Terrain in a standard 
granular form. 
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2.3 Ultrasonic Horn Design 
A 250W ultrasonic generator provided by Solbraze
1
 was employed to carry out the 
experiments. The UM250 ultrasonic generator is capable of delivering 250W of ultrasonic 
waves with frequency of 20 KHz. The transducer needed to be protected in terms of 
temperature and the horn was therefore supplied with an air cooling collar requiring 
connection to a compressed air supply. 
 
Figure 2-1: Schematic diagram of the G1 ultrasonic horn demonstrating the amplitude of ultrasound 
vibrations in the horn. V shows the direction of the vibration and Vx and Vy are components of the 
ultrasonic vibration parallel and perpendicular to the direction of the melt flow, respectively. 
The horn was designed in a conical shape. The idea behind the conical design of the horn 
was to allow the molten polymer to flow over the horn from the top of the conical section 
to the bottom which has a larger cross sectional area (shown in Figure 2-1). Due to the 
slope of the horn in the conical section, the longitudinal vibrations would be resolved into 
components of compressive and shear vibrations at the surface of the horn. The 
                                                     
1
 Solbraze Ltd was part of Sonoflow consortium. The company’s contribution to project was supplying the 
ultrasonic generator and advising the other collaborators in ultrasonic field.  
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compressive component is the one that will penetrate the melt whereas the longitudinal 
vibrations will only move parallel to the surface of the horn.   
In order to maximize the effect of ultrasonic vibration the material passed over the bottom 
of the horn. This surface was at an anti-node and therefore vibrated at the maximum 
amplitude with the compressive wave action. 
The first generation horn, G1, can be seen in Figure 2-2, this was screwed to the booster at 
the top. The flange in the middle of the horn was for clamping the horn in the ultrasonic 
die block. It is important to note that this was set at a nodal point so that none or very little 
US vibration energy was transferred to the die block. The power supply unit, converter and 
the booster were supplied and tuned by Solbraze to fit the custom built Aluminium horn.  
 
Figure 2-2: The G1 horn (Aluminium made) and the ultrasonic unit. 
2.4 Batch Sonication Results 
2.4.1 Initial Setup  
A bench top scale apparatus was designed as shown in Figure 2-3. The mould was 
equipped with three thermocouples, one to control the temperature of heated melt chamber 
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Figure 2-3: Schematic diagram of initial batch sonication setup. 
The other two thermocouples were placed in the polymer melt, one of them with a known 
distance under the ultrasonic horn and the other far away from the horn in the polymer to 
measure the bulk polymer melt temperature during sonication. The thermocouple for the 
container and the heater band were both used to control the temperature of the container. 
Figure 2-4 shows the set up used for initial batch sonication experiments. 
 
Figure 2-4: Initial batch sonication trials set up. 
The ultrasonic horn was screwed and fixed on a steel plate that sat on the container which 
also acted as a lid. The steel plate was then bolted to the container to keep the horn at a 
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The polyethylene needed to be in its molten state when filling the container. This enabled 
the melt to reach the test temperature fast and more efficiently than if the polymer granules 
were heated in the container. PE80 granules were extruded using a BETOL J2525 
extruder
2
 and the melt was transferred directly into the container. The filled container was 
then given enough time for the temperature to stabilize.  
The temperatures were recorded for the experiments with bench top setup and the results 
are presented in Figure 2-5, Figure 2-6 and Figure 2-7. Obtained results showed an 
inconsistency in the readings although the same procedure had been repeated for all the 
tests. As these results are not reproducible, it was decided to check the equipment to ensure 
that the thermocouple was placed at the same distance from the horn in different runs.  
 
Figure 2-5: Temperature vs. Time for the first trial of initial batch sonication setup. Temperature 
readings were fitted to a linear equation as shown above, y is the temperature and x is the time in 
seconds. 
                                                     
2
 The technical details of the extruder will be discussed in Chapter 3. 
y = 0.0146x + 153.37 
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Figure 2-6: Temperature vs. Time for the second trial of initial batch sonication setup. Temperature 
readings were fitted to a linear equation as shown above, y is the temperature and x is the time in 
seconds. 
 
Figure 2-7: Temperature vs. time for the third trial of initial batch sonication setup. Temperature 
readings were fitted to a linear equation as shown above, y is the temperature and x is the time in 
seconds.  
Several sonication trials using the initial setup proved that, this arrangement was not 
appropriate and reliable for data collection because the results were unrepeatable and 
inconsistent. In some results a sharp rise in temperature as a function of time was 
y = 0.0474x + 153.87 






















y = 0.0049x + 143.3 
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experienced. The inconsistency of the temperature readings could possibly be due to 
contact between the thermocouple and the horn surface. The thermocouple and the horn 
surface could come into contact with each other because of close distance between the 
thermocouple and sonotrode surface and the flexibility of the part that was used to keep the 
thermocouple in place. 
2.5 Modified Arrangement 
In order to keep the thermocouple in a known distance (4mm) from the horn a new design 
was set up (Figure 2-8).  
 
Figure 2-8: Modified design of the bench-top equipment. 
 
Figure 2-9: Bottom of the mould with the thermocouple tube placed (left), Top of the mould where the 
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In the new design a metal tube with a central hole was screwed to the bottom of the 
container. A thermocouple wire was passed through the hole up to the end of the tube and 
positioned underneath the ultrasonic horn.  The distance between the horn and the 
thermocouple could be adjusted by up to 2-3cm by unscrewing the tube containing the 
thermocouple wire. The schematic diagram of this setup can be seen in Figure 2-8. 
Photographs from the top and bottom of this setup are shown in Figure 2-9. As mentioned 
earlier the polyethylene melt at 185°C was produced by an extruder and transferred into the 
container. The complete assembly was then given an appropriate time (30-45 minutes) for 
the material to be stabilized at the required testing temperature.  
 
Figure 2-10: Temperature vs. Time plot for three runs using new setup. 
The temperatures of the thermocouples under the horn and in the bulk polymer were 
checked regularly until the temperature fluctuations became insignificant. After the 
temperature had stabilized the ultrasonic vibrations were applied to the polyethylene melt 
and the temperatures were recorded during the sonication. 
During the sonication process, as it can be seen in Figure 2-10, a rise in temperature was 
measured under the probe as expected, however the rate of increase of the temperature was 
not reproduced in the tests.  
The only reason for variations in the effect of ultrasound could be as a result of 
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inconsistency in the effects of the ultrasound vibrations the demanded power of the 
ultrasonic generator can be monitored. The input current of the ultrasonic generator could 
be monitored as a representative to demanded power. The electric current of the power line 
to the generator was measured. Measurements of the current in the circuit of ultrasonic 
generator showed different current values for the three runs while the rest of the parameters 
were kept constant.  
Table 2-1: Electrical current values measured for Sonication trials. 
Experiment Melt Temp Electric Current 
°
C A 
1 199 0.032 
2 199 0.11 
3 196 0.024 
The readings (shown in Table 2-1) confirmed that the ultrasonic generator was not 
delivering constant power and the generated vibrations were not continuous and were 
fluctuating. These inconsistencies made the experiment unrepeatable and impractical to 
carry out more experiments. The generator was of the design to deliver power on demand 
which meant that if the vibration of the media required more power the generator would 
consume more power. Although an attempt has been made to keep all the parameters 
constant in the experiments, there were some possible reasons for the errors and 
inconsistencies. Some of these are: the presence of the trapped air in the molten polymer, 
degradation of the polymer in the temperature stabilization time, not fully immersion of 
horn in the polymer. All these parameters can affect power draw from the ultrasonic 
generator and thereby change the electrical current. 
2.6 Conclusion 
Although an attempt was made to create the same conditions for all of the tests, according 
to that mentioned above and the fact that wave speed through polymer melt is a function of 
viscosity and temperature, a conclusion must be that the static sonication was not a good 
representative for in-line equipment. The viscosity of polymers is dependent on shear rate 
and temperature so the viscosity will change in an in-line setup and therefore consequently 
it will change how the waves will penetrate the polymer melt. With the results for PE80 
Chapter 2 - Conclusion 
30 
above, it has been decided to manufacture the inline equipment based on less than a 4mm 
effective penetrating depth of waves. The housing block for the first generation ultrasonic 
horn was manufactured with a clearance of 2mm between the horn and the housing block 
wall. This clearance could be increased if needed but for initial experiments of the 
ultrasonic assisted extrusion it was essential to identify the potential benefits from 
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Chapter 3  
Lab Scale In-line Ultrasonic  




One of the most important fields in the plastics industry is polymer materials processing; 
and extrusion is one of the most extensively used technique for this.  
Typical products of extruders are pipe, window profiles, blown film, sheet, tubing, coated 
paper, plastic filaments for brush bristles, carpet fibres, vinyl siding window frames and as 
of many other linear products. Depending on the end product, there is different 
downstream processing equipment, the extrudate may be blown into a pipe/film, spun, 
folded, and rolled. Most common substances for extrusion are plastics but rubber, metals 
and food stuffs are also quite often processed via extrusion. 
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The extensive use of polymer materials in the economy requires not only the creation of 
novel technological processes but also the improvement of existing processing methods to 
optimize their efficiency. Sharkskin melt fracture is one of the significant problems in 
extrusion of polymers and especially in the film blowing process. The appearance of shark 
skin is a limiting factor for production rates in extrusion processing operations such as pipe 
extrusion, film blowing and blow moulding. Increasing or removing the critical shear stress 
or shear rate limitation would be beneficial to manufacturing by allowing increased rates of 
production. 
The ultimate targets of the enhancement of extrusion processing are to increase 
productivity and improve the product quality. However in extrusion the transmissive 
capacity is limited and low as a result of presence of a great hydraulic resistance to the 
shaping heads/dies. The development of methods for lowering the resistance of the dies by 
reducing the viscosity of the polymer melts in the die section, is therefore very important 
for speeding up the extrusion processing [1-3]. 
The application of vibrations to the polymer melts to reduce the melt viscosity during 
processing and to improve the mechanical properties of the products has been widely 
studied previously [4-9]. The idea of modifying the flow regimes in a polymer processing 
apparatus by applying ultrasonic vibrations is not new. Attempts have been made in the 
past to study the effect of the micro-movement of an ultrasonic frequency at the melt flow 
channel’s walls in polymer extrusion or injection moulding [10-17]. This technique was 
realized by introducing mechanical or tuned ultrasonic vibrations in the flow channel wall. 
Compared with the low intensity/frequency vibrations that affect the material by 
generating friction at the contact surfaces, the ultrasonic waves are widely employed to 
influence a medium through shatter, cavitations and mechanical action.  
A recent development of melt vibration technology has been with more attention to 
improving the processing behaviour of the polymers [18-20]. In general, there are three 
objectives for the application: 
 To homogenize the melt and increase the density of the moulded products by 
increasing the rate of crystallisation [21-24]. 
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 To improve the processability of the polymer by reducing the pressure required to 
generate a known throughput rate and to control the morphological structure of the 
polymer. 
 To generate heat locally by internal friction within the melt at the flow channel wall 
and to decrease the surface stress at the interface between the melt and the flow 
channel wall in the die to increase throughput. 
Several effects of the application of ultrasound to polymers have been reported [25, 26]. 
The application of an ultrasound field to a polymer melt in the shaping zone seems to be an 
efficient way to do this. Most ultrasonic tests have used a 20 KHz frequency (quartz crystal 
natural resonating frequency) and 5-30 µm vibrational displacement. Several interesting 
effects were claimed, such as melt pressure reductions and increases in the output when 
ultrasonic vibrations, either longitudinal or transverse, were applied at the die wall [12, 27-
29]. 
Previous research related to the application of ultrasonic vibrations during the flow of 
polymer melts showed two big features [5, 7, 9, 10, 17, 30-35]. One was focused on the 
macroscopic flow behaviour [4, 11, 14, 17, 30, 33, 34, 36], these studies showed that the 
flow rate increased for a given pressure drop, or that the pressure drop was reduced for a 
fixed flow rate; the flow rate at which  melt fracture occurred was postponed; the 
appearance of the extrudates was improved, as well as reductions of the specific power 
consumption and extrudate swelling. Other feature was that the chemical structures of the 
original molecules could be changed by ultrasonic vibration. The mechanochemical 
degradation of polymer melts, devulcanization of rubber and the formation of free radicals 
under influence of ultrasonic waves have been investigated previously [6, 34, 37-41]. 
Ultrasound oscillations have been applied to different polymeric materials and employed in 
numerous processing methods. The reduction of the viscosity of the solution of natural 
polymers by ultrasound was investigated [24, 42]. When polymer solutions are subjected to 
high intensity ultrasonic vibrations, polymer chain scission was observed that consequently 
caused a decrease in the molecular weight and viscosity[42, 43]. 
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The influence of mechanical vibrations on the poiseuille flow of a non-Newtonian fluid 
have been studied for longitudinal [27-29] and transverse [44, 45] vibrations. 
Ultrasonic vibrations have been previously employed in injection moulding. The apparatus 
and method was used to control the crystallization mechanism of plastics in the [46]. 
The application of ultrasound on the extrusion of polymers is much wider than other areas 
of polymer processing because extrusion is a continuous process while the other processes 
are intermittent such as injection moulding, compression moulding etc. The effects of 
ultrasound were used for the devulcanization of recycled rubber and to improve some 
mechanical properties of the rubber [38, 47-49]. When the ultrasound vibrations of 20~100 
KHz were applied opposite to the discharging direction of the rubber through the extruder,  
rubber sheets with the lower die swell and good dimension accuracy were obtained [50]. 
During extrusion, high-intensity ultrasound waves affected the die characteristics by 
reducing the die pressure, die swell ratio and melt fracture [14, 48, 51-54]. It was also 
applied to the process  [55] for eliminating the unstable flow of a polybutene melt. The 
influence of different intensities of ultrasonic vibrations on polystyrene melt characteristics 
have also been studied previously [2, 13, 56-60]. Ultrasonic vibrations have also been 
employed to modify the crystalline structure of polyolefins  in the film extrusion process 
[23] with the aim of improving the productivity as well as the quality of the product [16, 
48, 53, 61]. 
Previous studies have also shown that the onset of melt fracture was accompanied by wall 
slip and the failure of adhesion or inconsistent adhesion at the polymer-metal interface in 
the die [62, 63]. There are several factors that can affect the onset of melt fracture and 
these are molecular properties (molecular weight distribution, cross linking) and the 
processing parameters (temperature, material of the die and extrudate)[56]. There are 
numerous well known methods for reducing the melt fracture (blending, chemical 
modification adding processing aids) but not all of them are cost effective[64, 65].  
Superimposing oscillations upon a constant pressure gradient flow of a viscoelastic liquid 
produces very large increases in flow rate compared with the stationary flow [66, 67]. 
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More recently the effect of both longitudinal and transverse vibrations were studied and a 
reduction in die pressure, the die swell rate and also an improvement of the mechanical 
properties were observed [12]. Mechanical oscillations also have an effect on the 
rheological and mechanical properties of some extrudates. It has been reported that the 
superposition of ultrasonic waves in extrusion could increase the flow rate of the extrudate 
without increasing the power consumption of the process for high output rates and it could 
also decrease the viscosity of polymer melts and improve production rates [48, 66].  
Most of the reported studies on the application of ultrasonic vibrations during melt flows 
[14, 39, 48-50, 52, 54] are for polymer melts flowing through channels with vibrating 
walls, that is, the shaping channels themselves act as a vibration source. The use of 
vibrations applied to flow channels may alter the conventional wall-stick condition (Vz=0) 
during melt flow. It’s reported that the flow of polymer melt along the channel subjected to 
ultrasound vibrations is accompanied by a phenomenon, which is equivalent to slippage,  
by means of a thin layer with a decreased viscosity next to the wall [31, 68]. Generally, a 
reduction in viscosity and/or an increase in temperature as well as an alteration of the 
channel wall boundary conditions are proposed as major causes for this behaviour.  
A European patent application in 1988 related to the shear processing of thermoplastics in 
the presence of ultrasonic vibrations. The published results employed ultrasonic vibrations 
that were applied at an angle of less than 45° to the direction of the polymer melt flow. The 
extrusion pressure was said to be reduced by 10–23% with the extrudate swelling only 
slightly reduced and the onset of flow instability was delayed [4, 5, 7, 10, 11, 15, 17, 30, 
69-77]. 
The effects of ultrasound on polymer melts is a complex phenomenon; this should include 
both physical and chemical factors according to the possible effects that ultrasound could 
have on the fluid mediums. However, more studies on the causes and effects of the 
application of ultrasonic vibrations are needed.  
In previous studies ultrasonic waves were applied to the die walls or surfaces but a feature 
that distinguishes this work from previous studies is that, the ultrasonic horn was secured 
in the melt while the polymer melt flows over the ultrasonic horn. Also the conical shape 
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of the ultrasonic horn allows simultaneous delivery of shear and compressive waves into 
the polymer melt where as earlier studies focused either on shear or compressive waves, 
with the compressive waves known to be more effective.  
In this chapter, an ultrasound assisted extrusion setup is described, that allows the 
application of ultrasound vibration to the polymer melt at the shaping head (the die). The 
characterization of the extrudate structure and processing parameters were combined to 
investigate the mechanism for the effect of ultrasound on the polymer melt flow. 
3.2 Experimental 
3.2.1 Materials  
Two commercial pipe extrusion grades of polyethylene were used PE80 and PE100. PE80 
and PE100 had melt flow rates of 0.33 g/10min and 0.24 g/10min respectively under a load 
of 5.0Kg at 190°C. PE80 and PE100 are both commercial pipe grades of HDPE containing 
carbon black. The materials were manufactured by BOREALIS1 and were supplied by 
Polypipe Terrain
2
 in the typical granular form.  
3.2.2 Design of 1st generation ultrasonic horn (G1) and the housing block 
The assembly that accommodated the ultrasonic horn as seen in the Figure 3-1 consisted of 
three sections that are the top block, mid block (feed block) and bottom block. The top 
block secured the ultrasonic horn by clamping the flange between the top and mid block. 
The melt flow channel in the ultrasonic die is shown in Figure 3-2. 
                                                 
1
 Borealis is a leading provider of chemical and innovative plastics solutions, the PE80 and PE100 were both 
manufactured by Borealis. 
2
 Polypipe Terrain is one of the Sonoflow Consortium partners and is one of the largest plastic piping systems 
manufacturers. 
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Figure 3-1: Schematic diagram of the ultrasonic horn and the housing block, melt flow channel is 
shown in red. 
The G1 as described earlier in Chapter 2 was a cylinder that was attached to a truncated 
cone with a flange (see Figure 3-3). The horn was designed to have a node in the flange as 
shown in Figure 2-1 where the horn was clamped between the two die blocks. The conical 
shape of the horn allowed the melt to benefit from both compressive and shear ultrasonic 
waves. 
 
Figure 3-2: Schematic diagram of the ultrasonic die showing the melt flow channel (red arrows). 
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Figure 3-3: 3D Model of first generation ultrasonic horn. 
The polymer melt that was produced by the extruder entered the housing block through a 
4mm feed hole (shown in Figure 3-4). 
 
Figure 3-4: 3D Model of mid block and the ring gate. 
The melt flowed through the feed hole to the gate section of the mid block, where it was 
fed around the horn equally from the annular feed channel on the ring gate. In order to 
distribute the molten polymer evenly around the neck of the horn the ring had a depth of 
1mm.  The horn was clamped between top block and mid block by the flange positioned at 
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Figure 3-5: Ultrasonic horn clamped between top block and mid block. 
With the feed arrangement, the polymer melt flowed uniformly over the conical section of 
the horn. The clearance between the horn and the outer walls of the flow channel was set to 
2mm along the melt flow path. The decision for using this figure was based on the results 
obtained from the static sonication of the polymer melt. The polymer melt then flowed 
over the front of the horn (base of the cone) and out of the ultrasonic block through an 
8mm diameter hole at the centre. A slit die was connected to the ultrasonic block. A 
pressure transducer was fitted to the bottom block (see Figure 3-6) to measure the melt 
pressure at the die exit. The whole block was divided into two heating zones, one on the 
mid block and one on the bottom block (Figure 3-7). The mid block had a central split line 
to allow it to be fitted over the conical horn. Two short heater cartridges were installed in 
each heater hole; one from the right half and the other from the left half of the mid block 
thus allowing the assembly to be separated without removing the cartridge heaters. 
Top Block 
Mid Block 
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Figure 3-6: 3D Model of the bottom block of the ultrasonic housing block. 
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Other related pictures for the assembly of the ultrasonic housing block are all presented in 
Appendix A. The housing block and the G1 horn were designed at Brunel and 
manufactured by Bootham Engineers
3
. 
3.2.3 Extrusion of polyolefins by single screw extruder 
The most common extruder in plastic processing is the single screw extruder. As described 
earlier in Chapter 1, an extruder consists of a screw housed in a heated barrel. Most of the 
barrels are also equipped with a cooling system (air/water). The solid resin is flood fed 
from the feed throat at one end of the extruder barrel and this can be fed under gravity from 
the hopper. At the other end of the barrel an adaptor and die are installed. The die forms 
the extrudate to the required shape which is cooled down to the ambient temperature using 
blown air and/or a water bath. The extrusion process consists of several parts. The nature 
of these parts is determined by the specific products. The extruder system that was used to 
carry out the extrusion processes for this work will be described in detail in the following 
section.  
3.2.3.1 Barrel and feeding 
A Betol 2525J ‘Jockey’ extruder was used for plasticizing the polymer. The screw was a 
typical 25mm polyolefin screw with L/D ratio of 20:1. The barrel featured a transducer 
port at the die end that was used to measure the melt pressure in the experiments. The feed 
throat was kept cold by circulating water through a cooling jacket to prevent the polymer 
granules from melting in the feed section of the barrel. 
3.2.3.2 Heating system of the extruder 
The heating system consisted of 5 heater bands, 3 of them 350w and the other 2 were 150w 
each. The heaters were positioned along the barrel to provide a controlled heating profile 
along the extruder barrel.  
                                                 
3
 Bootham Engineers is one of the Sonoflow consortium partners and has expertise in tool making and 
manufacturing of molding tools. 
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Figure 3-8: heating bands of the barrel (left) and power distribution box for heaters and 
thermocouples. 
There was no cooling system fitted to this extruder and the temperatures were only 
controlled by the power input from the heater bands and heat conducted away to the 
surroundings.    
3.2.3.3 Temperature controllers 
The temperature of the 3 barrel zones was controlled by Omron E5CJ temperature 
controllers connected to the 3 barrel thermocouples. The controllers used the PID control 
loop feedback mechanism to control the temperature of the barrel and unlike basic PID 
temperature controllers these benefited from the self tuning feature. As mentioned earlier 
there was no cooling system installed on the extruder so the shear heating of the resin melt 
elevated the temperatures on the barrel to some extent above the set temperatures in the 
controllers.  
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3.2.3.4 Torque and screw speed indicators 
The screw speed was set by a dial control which could be locked at a desired point if 
required. The screw speed was displayed on a digital scale on the control panel. The torque 
in terms of percentage of the total motor power (1.5kW) was displayed on an analogue 
scale. 
3.2.3.5 Screw geometry 
The screw was a standard polyolefin screw which had a uniformly tapered compression to 
the metering zone. This promoted a good melt seal whilst processing and ensured that no 
flow of the polymer melt was able to travel back towards hopper end of the barrel. The 
screw was 580mm long with processing length of 530mm and a flight diameter of 25.5mm. 
3.2.4 In-situ rheometer die 
The slit die that formed the extrudate used in this setup, was also used as an inline 
rheometer (Figure 3-9). The pressure drop of the polymer melt was measured at two/three 
points with a known distance between them. From these values the viscosity of the melt 
was calculated. The die channel width was 24mm and the depth of the channel was 2.5mm. 
The distance between the two transducers in the die was 80mm. This assembly was 
connected to the ultrasonic block via a collar with an internal thread and recessed lip. Over 
this lip a spigot was bolted onto the die with six M6 bolts. Through the centre of the spigot 
was an 8mm channel that leads to the land section of the die.   
3.2.4.1 Heating of the slit die 
The die was composed of top and bottom sections with a central split line. Each section 
was heated by a separate control unit and cartridge heaters with one heating zone on the 
top plate and another on the bottom plate.  
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Figure 3-9: Slit die rheometer showing the feed hole and also the pressure transducer holes. 
3.2.5 Characterization and Testing 
3.2.5.1 Processing Parameters 
There were several processing parameters that could be recorded and compared for the 
conventional and ultrasonic assisted processing. In order to discover the benefits of the 
introduction of the ultrasonic waves to the polymer extrusion it was necessary to measure 
as many parameters as possible for comparison. The parameters that were measured in the 
extrusion experiments were melt pressures, temperatures and power consumption. The 
details of the measurements are as follows. 
 Pressure: a total of 5 Dynisco and Kistler pressure transducers were fitted to the 
barrel, the ultrasonic block and the slit die to monitor the pressure of the polymer 
melt at the metering zone of the barrel, the interface between the extruder and the 
ultrasonic die and at the exit of the ultrasonic die. The transducers were all wired to 
Dynisco 1390 digital monitors. The meters could be switched on/off and calibrated 
independently. The recorded values for the melt pressures in the slit die were used 
to calculate the viscosity of the melt. 
 Extruder Motor Current: Extruder motor power draw was calculated from the 
motor size (kW) and the torque measurements. An analogue dial which was fitted 
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standard multimeter was used to measure the motor current.  The motor current 
values were used as an indication of the motor power consumption.  
 Temperature: The temperatures of the extruder barrel, ultrasonic block, slit die 
and the extrudate were recorded. The barrel temperatures were read from the digital 
meters installed on the controller panel. The temperatures for the ultrasonic block 
and the slit die recorded were measured using the digital meters in the auxiliary 
temperature controller boxes. 
 Output rate: The output rate of the extrudate was determined by taking the 
extrudate produced during a known period of time and weighing it. In order to 
increase the accuracy of the results 3 measurements were taken and the average 
value was reported. 
3.2.5.2 Material Properties 
The ultrasonic vibrations despite their effects on the processing parameters, were believed 
to make significant changes to the material’s structure too. To study the level of changes in 
the properties of the product it was essential to carry out several tests and characterization 
techniques on the extrudates. Mechanical, thermal and rheological properties of the 
extrudates were the main targets of the characterization techniques used in this study. The 
details of the tests were as follows. 
 Mechanical Properties 
Tensile Properties: Dumbbell Tensile Test samples were punched from the 
extruded strips using the CEAST punch cutter with the standard dimensions of 
Type 5A specimens as defined in BS EN ISO 527-2:1996. The tensile tests were 
carried out on the Instron machine equipped with Zwick/Roell Smart Pro software 
and drive motor. The tests were carried out with crosshead speed of 1mm/sec and 
5mm/sec for modulus measurement and yield strength measurement of the samples, 
respectively. The modulus of the samples was calculated in the initial linear part of 
the stress strain curve in strain range of 0.05% to 0.25%. 
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Dynamic Mechanical Analysis: Dynamic Mechanical Analysis was used to 
investigate material’s glass transition temperature and dynamic mechanical 
properties. The DMA tests were performed on a TA Instruments – Q800 in the 
temperature range of -140
o
C up to 50
o
C with heating rate of 3°C/min. 
 Thermal Properties 
Differential Scanning Calorimetry (DSC): Standard differential scanning 
calorimetry was carried out on samples prepared from the extrudate at different 
screw speeds as well as from the resin granules to determine the degree of 
crystallinity, melting point and enthalpy of melting. DSC tests were performed on a 
TA Instruments – DSC Q2000 using standard aluminium pans under nitrogen purge 




C with the heating rate of 10°C/min and cooling 
rate of 5°C/min. 
 Rheological Tests 
Melt Flow Rate: The melt flow rates of the polymers were determined using a 
HAAKE Melt Flow ST. The tests were carried out using a 5Kg load at 190°C for 
each material.  5 samples were taken and the average value reported. 
Capillary Rheometry: The rheological properties of the granules were measured at 
different shear rates and temperatures. Capillary tests were performed on granules 





 and temperature range of 170°C to 190°C with increment of 
5°C. In order to compare the rheological properties of the extruded samples with 
and without USVs, samples cut from extruded materials were also tested using the 
same test setting used for the granules.  
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3.3 Results and Discussion 
3.3.1 Extrusion processing  
Two sets of extrusion experiments were carried out, one with and one without the slit die. 
For each material, the processing was carried out at 5 different screw speeds. All the 
processing parameters were recorded for both the conventional and ultrasonic assisted 
extrusion processes. The slit die and Betol chill rolls were employed to produce polymer 
strips. The temperature setting of the extruder for the production of the strips is shown in 
Table 3-1. The polymer test strips were produced by cooling the extrudate from the slit die 
using chill rolls. 
Table 3-1: Processing temperature of PE strips. 
Screw Speed Barrel Temperature US Block  Die 
(rpm) zone 1 zone 2 zone 3 Temp. Temp. 
10 – 50 160 180 195 195 195 190 
After the initial runs, it was noticed that the material was leaking from the die between the 
mid, top and bottom plates. The high pressure in the die pushed the material through the 
plates. This was corrected by reducing the contact area between the plates as shown in 
Figure 3-10. 
  
Figure 3-10: The contact surfaces between top and mid block. The contact surfaces of top block (right) 
with mid block (left) is shown with light blue. 
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After the modification of the mid block, the melt leak was resolved and the rest of the trials 
were carried out.  
3.3.2 Processing Parameters 
The effect of USVs on the processing parameters of melt pressure (barrel, ultrasonic block 
and die), temperature, output rate and extruder power consumption was investigated. Two 
sets of experiments were carried out using the two commercial grades of polyethylene 
(PE80 and PE100). The initial extrusion trials were carried out without the presence of the 
slit die for both the conventional and ultrasonic assisted processes with only the processing 
parameters being investigated. The extrusion with the slit die was then carried out with the 
same two polyethylenes. In order to study the effect of different residence times in the 
ultrasonic block, the experiments were carried out for a range of output rates. The screw 
speed was taken as being representative of the output rate because it is directly 
proportional to the output rate. Amongst the processing parameters that were affected most 
notably were the barrel pressure, the melt temperature and the extruder motor current. 
 
Figure 3-11: Barrel pressure vs. extruder screw speed for PE80 without slit die. 
All the experiments were repeated three times and the values plotted were the averages of 
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It can be seen from Figure 3-11 that by applying the ultrasonic vibrations during extrusion, 
the barrel pressure decreased and the pressure reduction (PCEP - PUSEP) decreased slightly 
by increasing the screw speed. The higher screw speeds meant a lower residence time of 
the melt in the ultrasonic block and therefore, less exposure to the ultrasonic vibrations. 
The results presented in Figure 3-11 show this effect. A possible reason for the reduction 
of the melt pressure at the barrel by the application of the ultrasonic vibrations could be 
that a decrease in the friction between the horn and the polymer melt was created and 
caused the melt to effectively slide over the ultrasonic horn. 
 
Figure 3-12: Melt temperature vs. extruder screw speed for PE80 without slit die. 
A reduction in the barrel pressure will enhance the processing by affecting one of the 
following parameters. 
A higher pressure at the barrel end will require more work to push the material forward and 
thus will demand more power from the extruder motor. By application of ultrasonic 
vibrations the head pressure and consequently the barrel pressure can be reduced which 
can reduce the required amount of work done by the extruder motor to push the polymer 
melt forward to the end of the barrel. 
The melt temperature of the extrudate (not the melt temperature in the barrel) increased as 
a result of the presence of the ultrasonic waves. It can be seen in Figure 3-12 that the 
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increase in the temperature by the application of the ultrasonic waves was greater for the 
lower screw speeds than for the higher screw speeds. 
This melt temperature increase will be of benefit for the processing of plastics for the 
following reasons: 
 It will allow processing at higher throughput rates (shear rates) by reducing the 
occurrence of melt flow instabilities and melt flow distortion [9, 34]. 
 It will allow higher production rates, decrease production time and thus will lead to 
lower processing cost (labour, machinery etc) as more products can be produced in a 
certain amount of time. 
 It will reduce the materials viscosity by increasing the temperature which will make 
the flow easier. 
 
Figure 3-13: Extruder motor current vs. extruder screw speed for PE80 without slit die. 
The most important effect of the application of ultrasonic vibrations on polymer processing 
could be the reduction of the power consumption due to its effects on melt pressure and 
temperature. The extruder power consumption is represented by the extruder motor current 
as shown in Figure 3-13. Its value decreased by the application of the ultrasonic vibrations 
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rpm). It is clear that the reduction of the power consumption will reduce the processing 
costs. 
The same experiments were carried out with PE100 and similar results confirmed a 
consistency with the results obtained from PE80 experiments.  
 
Figure 3-14: Barrel Pressure vs. extruder screw speed for PE100 without the slit die. 
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The melt pressure in the barrel for the extrusion of PE100 with and without the presence of 
ultrasonic waves is shown in Figure 3-14. For both materials (PE80 and PE100), the 
application of the ultrasonic vibrations reduced the barrel pressure by an average of 19%.  
Figure 3-15 shows the melt temperature of PE100 extruded conventionally and with 
application for ultrasonic waves at 5 different screw speeds.  
 
Figure 3-16: Extruder motor current vs. Extruder screw speed for PE100 without slit die. 
Applying the ultrasonic vibrations while processing of the PE100 increased the melt 
temperature by 1% more than the PE80 and the extruder motor also demanded 1% less 
current. This could be as a result of the slightly higher viscosity of the PE100 than PE80 
that allowed a greater dissipation of the ultrasonic waves as heat when travelling through 
the molten polymer. The extruder motor current results for processing of the PE100 shown 
in Figure 3-16. 
A possible explanation for this could be that, a polymer with higher viscosity than the other 
(viscosity of PE100 greater than that of PE80) acts as a damping medium for the ultrasonic 
waves and decreases its penetration depth. At the same time, as a result of higher viscosity 
the heat generation by dissipation of the ultrasonic waves is greater for a polymer with 
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melt through the ultrasonic block. Ultrasonic vibrations however, make the melt slip over 
the ultrasonic horn more easily and at the same time increase the temperature locally. This 
would promote an easier flow of the polymer melt and would require less power.  
The extruder barrel pressure as seen in Figure 3-11 and Figure 3-14 for PE80 and PE100 
processing increased by increasing the screw speed up to 30rpm and after that it remained 
constant. The presence of the die in an extrusion process creates resistance to the flow of 
the polymer melt through it and consequently leads to an increase in extruder barrel 
pressure. By plotting the characteristics of a circular die and the extruder operating at 
different screw speeds it can be concluded that by increase of the extruder screw speed the 
operating point reaches the plateau region of the die characteristic (see Figure 3-17). In this 
region by further increase of the extruder screw speed the pressure drop remains almost 
constant where as the throughput rate increases. 
 
Figure 3-17: Extruder and die characteristic and operating points at different screw speeds adapted 
from [78] (left), maximum pressure drop for a die according to die characteristic (right) where Q is the 
output rate, N is the screw speed and ΔP is the pressure drop in the extruder barrel. 
The melt temperature of both PE80 and PE100 increased by the application of ultrasonic 
vibrations. However, difference in the melt temperature reduces as the screw speed 
increases above 30rpm. Increase in the screw speed does not change the temperature 
difference. The possible explanation for this could be that for screw speeds above 30rpm 
the exposure time of the melt to the USVs is too small to make any measurable difference. 
The USEP extruded melt temperature, however, remained constant for all the screw 
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speeds. This could be explained by the fact that, increase of screw speed decreased the 
residence time where in the other hand contributed to heating of the melt through shearing 
of the melt. The processing parameters that were not affected significantly by the 
application of the ultrasonic vibration (temperature profile of the extruder barrel and output 
rate) were also recorded and plotted against the extruder screw speed for both the PE80 
and PE100 extrusions. These results can be found in Appendix B. 
Using the strip die with the pressure transducers, the rheological properties of polymer 
melt could be measured during the extrusion. The readings from the two pressure 
transducers were recorded for each screw speed. The distance between the transducers 
(80mm), the channel width and height (24mm×25mm), the material flow rate and its melt 
density (764 Kg/m
3
) were all known. With this data the shear rate and shear stress could be 
calculated for each screw speed with following equations[79].  
      3-1 
τw is the wall shear stress, ΔP the pressure drop in the length of the channel, H the height of 
the channel and L the length of the channel. 
      3-2 
γa is the apparent shear rate, Q the volumetric output rate, W the width of the channel and 
H is the height of the rectangular channel. 
It can be seen in Figure 3-18, that the barrel pressure was reduced around 100 Psi by the 
application of ultrasonic vibrations. Installing the slit die on the extruder generated a big 
flow resistance that lead to higher pressures in the ultrasonic block and extruder barrel. The 
ultrasonic vibrations had the same effect on the polymer melt flow but with presence of the 
slit die these effects were of smaller value (around 100 Psi for melt pressure) when 
compared to the ultrasonic assisted extrusion of the polymers without the slit die. On the 
other hand presence of slit die increased the pressure in the ultrasonic block that affected 
the performance of the ultrasonic system. The only contribution of the ultrasonic vibrations 
to reduce slit die flow resistance was to deliver polymer melt with higher temperatures and 
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thus slightly lowered the viscosities (around 20 to 400 Pa.s depending on the extrusion 
screw speed) compared to conventional extrusion. 
Figure 3-19 shows the extruder barrel pressure measured for different output rates for the 
extrusion of the PE80 with and without presence of ultrasound and with and without the 
slit die. It can be seen that the effect of the ultrasonic vibrations on the barrel pressure was 
significantly higher when the slit die was not present.  
 
Figure 3-18: Barrel pressure vs. Extruder screw speed for PE80 with the slit die 
 
Figure 3-19: Barrel pressure vs. Extruder Output rate for PE80 processing with and without presence 
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The effect of the USVs on the barrel pressure without the slit die was approximately twice 
the effect with the die. In the extrusion without slit die, application of USVs reduced the 
resistance of the ultrasonic block to the melt flow and consequently the barrel pressure was 
reduced. The resistance of the slit die to the melt flow is greater than the ultrasonic block 
as it can be seen from the pressure generated in the extruder barrel shown in Figure 3-11 
and Figure 3-18. By addition of the slit die to the extrusion process, effect of the 
application of USVs on the barrel pressure became less significant.  Then it is quite clear 
from Figure 3-19 that the barrel pressure was more flow dependant and had an almost 
linear relationship with output rate while processing with the slit die. The barrel pressure 
for processing without slit die however was less dependent on the output rate as it can be 
seen in Figure 3-19. The reason for this is that for processing without the slit die the only 
resistance was the ultrasonic block which was far less than the resistance of the slit die and 
the ultrasonic block. This changed the die characteristic and increased the slope, meaning 
that slope of the linear function between pressure drop and throughput rate was higher for 
processing with presence of slit die when compared with the slope of the linear function 
obtained for processing without the slit die (see Figure 3-17).  
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Figure 3-21: Extruder output rate plotted against screw speed for extrusion of PE80 with slit die. 
However, the resistance of the die block (ultrasonic block and the slit die) as seen in Figure 
3-18 decreased by introduction of ultrasonic vibration to the polymer melt. Figure 3-20 
shows that the motor current required for processing PE80 with the slit die decreased but 
not significantly (around 0.02-0.07A over the range of screw speed) with the application of 
the ultrasonic vibrations. By comparing the effect of the USVs on the motor current for the 
extrusion with and without the slit die it can be seen that they had a more noticeable effect 
on the extruder motor current when processing without slit die. 
The measurement of the output rates for the extrusion of PE80 indicated that the output 
rate through the slit die was not affected by the presence of the ultrasonic vibrations as 
shown in Figure 3-21. 
Power law equation (see Equation 3-3) was fitted to the calculated rheological properties 
for this setting and the parameters can be seen in Figure 3-22. 
      3-3 
Where η is the apparent viscosity, k the consistency index, γ the apparent shear rate and n 
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Figure 3-22: Shear stress & Shear viscosity vs. Shear rate for processing of PE80. 
The difference between the polymer melt viscosities, measured during slit die trials, 
processed in the conventional and ultrasonic assisted extrusion can be seen by comparing 
the power law index (n) and melt consistency index (k) for each curve (Figure 3-22). The 
shear viscosity for the polymer melt processed with ultrasound was of a slightly lower 
value when compared with the viscosity of PE80 melt processed conventionally. 
3.3.3 Mechanical Testing 
3.3.3.1 Tensile Testing 
Tensile tests were carried out on dumbbell-shaped test specimens with a gauge length 
(extensometer) of 25mm and speed of 1 mm/min for the modulus measurements and gauge 
length of 50mm and speed of 5 mm/min for the rest of the test. Samples were extended to 
well past yield point. 
The test pieces were cut from polymer strips processed with and without ultrasonic 
vibrations. The tests were carried out on 10 samples from each screw speed and the 
averages of these results are presented in Figure 3-23. It can be seen from Figure 3-23 that 
young’s modulus for the USV processed samples were greater (~4%) than the 
conventionally extruded samples for strips processed at 10rpm and 20rpm screw speeds 
ηUSEP = 40697γ
0.2507 
R² = 0.9993 
ηCEP = 40423γ
0.2528 
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and this value was almost the same for strips processed at the other screw speeds. Bigger 
differences were expected between the modulus values for higher USV exposure times 
(lower screw speeds) and it can be seen from the graph in Figure 3-23 that this trend was 
applicable for screw speeds of 10rpm and 20rpm.  
 
Figure 3-23: Young’s Modulus vs. Screw Speed for PE80 dumbbell specimens. 
In order to reduce the errors caused by the sample preparation the samples were cut from 
the same part of the strips. The difference mentioned between the modulus values could be 
partially due to the sample preparation errors and user errors as it can be seen from 
calculated standard deviation for the results.  
The young’s modulus of a material is based on its initial slope of the stress-strain curve or 
stiffness of material and this could be affected by several possible errors such as slip of the 
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Figure 3-24: Tensile strength of PE80 strips vs. Screw Speed 
The necking did not occur for the tested samples (see Figure 3-26) and the strain hardening 
process started after elongation up to possible yield. For this reason the yield point strength 
was not measurable for the tested samples. Because of the ductile nature of the 
polyethylene (ductility), tensile test up to break could have taken considerable time; 
therefore it was decided to carry out the tensile tests to 60% strain. The tensile strength of 
the samples in the given strain range was calculated and plotted against the screw speed 
and is shown in Figure 3-24. It can be seen that, except for the strips processed at 10rpm, 
the strength of the samples did not change with application of the ultrasonic vibrations. 
This could be a result of the higher exposure of the melt processed at 10rpm to the 
ultrasonic vibrations when compared to the strips produced at the other screw speeds.   
The stress strain data taken for 10 tested samples was used to generate an average curve 
using Origin Pro software (mathematical software which can generate average curves from 
several set of data). The average curves of samples produced with and without the presence 
of ultrasonic vibrations plotted for each screw speed separately from these curves different 
stress strain behaviour of the tested samples could be observed. The stress strain curve for 
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necking point can be seen. The curves for the rest of the strips processed at the other screw 
speeds are provided in Appendix B. 
 
Figure 3-25: Stress vs. Strain for PE80 strips produced at 10rpm with and without presence of 
ultrasonic vibrations. 
 
Figure 3-26: Tensile test samples of PE80 strips before (right) and after test (left). 
It can be seen in Figure 3-25 that the young’s moduli of the samples (initial slope of the 
curve) are similar while the strength of the samples processed with USV was higher 
compared to the CEP samples. This could be possibly explained by the entanglements of 
the chains as a result of application of the ultrasonic vibrations. Photographs of a tensile 
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Figure 3-26 that there is no visible evidence of neck formation on the tested samples; this 
is in agreement with the test results as the yield point was not observed on the stress strain 
curves of the tests. 
3.3.3.2 Dynamic Mechanical Analysis  
Dynamic Mechanical Analysis (DMA) was used to investigate the mechanical properties 
of the samples in a temperature range down to -140
o
C.  Rectangular bars were cut from the 
strips for the DMA tests. The samples were 8mm wide and 1.5mm thick. The DMA tests 
were performed on a TA Instruments – Q800 in the temperature range of -140
o
C up to 
50
o
C with the heating rate of 3°C/min.  
 
Figure 3-27: Strain vs. Stress curve (left axis) and the Amplitude vs. Stress curve (right axis) for bars 
of PE80 processed at 10rpm conventionally tested at 35
o
C. 
The DMA tests were carried out on the samples in the single cantilever mode using two 
standard conditions, a strain sweep and a temperature/frequency sweep. Strain sweep is the 
test mode which applies sinusoidal waves with different amplitudes and frequencies and 
measures the force required to reach the defined amplitudes. The stress and the strain are 
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amplitude which is within the linear viscoelastic region could be then used for the 
temperature/frequency sweep test. In the temperature/frequency test a sinusoidal wave with 
known amplitude and different frequency/ies is applied to the sample in a range of 
temperature and its response is measured. 
Figure 3-27 shows the results obtained from the strain sweep test for PE80 bars processed 
at 10rpm with the conventional extrusion method carried out at 35
o
C and with frequency of 
1Hz. The stress strain curve for the polyethylene bars at 35
o
C shows the linear behaviour 
of the material at the given range of strain. It was important to carry out the DMA tests in 
the linear viscoelastic region, and thus it was decided to carry out the 
temperature/frequency tests with amplitudes between 5µm to 20µm. From the 
determination of the linear viscoelastic region from the strain sweep test, it was decided to 
carry out the frequency sweep tests with the amplitude of 15µm.  
 
Figure 3-28: DMA Results of PE80 strips produced at 10rpm with and without USVs. The solid line 
represents the CEP samples data and the dashed line is for USEP samples while for each set of data the 
curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
The samples were tested in the temperature range of -140
o
C up to 50
o
C and with 
frequencies of 1, 5 and 10Hz. The results of the tests for samples produced at 10rpm are 
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shown in Figure 3-28. The Tanδ peak around -100
o
C represents a transition which is the 
material’s glass transition temperature [80]. The same experiments were repeated for all 
the samples produced at the other screw speeds.  
The results obtained for the 5 different processing speeds are shown in Appendix B. The 
results suggest that the application of ultrasonic vibrations did not affect the dynamic 
mechanical properties of the products. In Figure 3-28, it can be seen that the dynamic 
mechanical properties (storage and loss modulus) of PE80 bars extruded at 10rpm did not 
change by the application of ultrasonic vibrations. The Tanδ peak was used to determine 
the glass transition temperatures at frequencies of 1, 5 and 10 Hz and the results are shown 
in Table 3-2. A small increase (~1°C) in Tg values of the samples was observed by the 
application of the ultrasonic vibrations (see Table 3-2). 
Table 3-2: Tg values obtained from Tanδ peak from DMA tests at frequencies of 1, 5 and 10 Hz for 
PE80 strips produced at different screw speeds with and without ultrasound. 
Screw Speed Frequency (Hz) CEP USEP 
10rpm 
1 -109.45 -108.12 
5 -104.89 -104.12 
10 -102.34 -101.81 
20rpm 
1 -109.69 -108.74 
5 -105.61 -105.23 
10 -102.81 -102.14 
30rpm 
1 -108.6 -108.15 
5 -103.83 -103.61 
10 -101.75 -101.57 
40rpm 
1 -109.27 -108.69 
5 -105.96 -105.13 
10 -103.21 -102.93 
50rpm 
1 -108.74 -108.31 
5 -103.71 -103.57 
10 -101.76 -101.29 
The time-dependant polymer cooperative segmental mobility as function of temperature 
follows the Arrhenius equation that is used in many situations [81-87] to investigate the 
diverse molecular energy dynamics according to,  
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     3-4 
    3-5 
    3-6 
Where f is the frequency applied for a test run, A is the pre-exponential factor, Ea is the 




). Plotting ln(f) as function of 
1/Tg gives a linear relationship (Figure 3-29) where: 
      3-7 
The obtained glass transition temperatures were then used to calculate the activation 
energy of Tg.  
 
Figure 3-29: The Arrhenius plot for the Tg of the PE80 strips produced at 10rpm by CEP and USEP 
process measured at different frequencies. 
The activation energy of the glass transition temperature was calculated for samples and 
shown in Table 3-3. Lower activation energy of glass transition temperature is an 
indication of the homogenous structure/composition of the polymer [88-90].  
 
y = -9140.2x + 55.86 
R² = 0.9972 
y = -10426x + 63.206 
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Table 3-3: Tg activation energies and the regression coefficient of the linear fit obtained from DMA 
tests for PE80 strips produced at different screw speeds with and without ultrasound (Ea values are in 
KJ.mol-1). 












CEP  318.16 0.99 328.59 0.98 329.50 1.00 372.21 0.97 320.80 0.99 
USEP 362.91 0.99 344.41 0.96 344.91 1.00 394.21 0.99 324.56 0.99 
The calculated activation energies of the samples showed that with the application of 
ultrasound vibrations the activation energy increased where the maximum increase was 
observed for samples produced at 10rpm (14%). The difference for the calculated 
activation energy of the Tg between the CEP and USEP processed samples at higher screw 
speeds was however, significantly smaller than what observed for samples produced at 
10rpm. This could be explained by the greater ultrasonic exposure time of the samples 
processed at 10rpm when compared with samples processed at higher screw speeds. 
Changes in the molecular structure of the samples such as chain scission, disentanglement 
or branching of the chains could lead to an increase or decrease of the Tg. Some of the 
factors that could be affected by the ultrasonic vibrations are the chain lengths and chain 
entanglements. It has been reported previously that the application of ultrasonic vibrations 
to polyolefins could lead to chain scission and the formation of macro radicals that could 
cause cross linking [72, 91]. However, the appearance of this effect depends on several 
factors such as molecular weight, chain branching, chain stiffness, ultrasonic vibration 
intensity and the application time. Chain scission will lead to lower glass transition 
temperatures, where cross linking increases the glass transition temperature by reducing 
the mobility of the chains[92-96]. The increase in Tg, although it is not significant (~1°C), 
suggests that the molecular structure of the samples could have been affected by the 
application of USVs. 
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3.3.4 Thermal Analysis 
3.3.4.1 Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) tests were carried out on the PE80 granules and 
the processed strips. Approximately 10mg were tested in standard aluminium pans with a 
heating rate of 10°C/min and cooling rate of 5°C/min. The melting temperature, 
crystallisation temperature, enthalpy of melting and the crystallisation enthalpy were 
determined from the tests (see Figure 3-30).  
 
Figure 3-30: Typical PE heat/cool DSC cycle showing melting and crystallisation enthalpies also 
melting and crystallisation temperature. 
The DSC tests were carried out on the PE80 granules in a heat/cool/heat cycle to omit the 
thermal history. A heat/cool/heat cycle examines the sample with its given thermal history, 
it uses the cool for additional data and to impose a known thermal history and uses the 
second heat to examine the sample with a known thermal history as imposed by the cool. 
However, for comparing the samples processed with and without presence of USVs with 
similar thermal history it will not be necessary to perform a heat/cool cycle. 
Table 3-4 shows the results of DSC tests on the PE80 granules. The thermal properties 
from each heating cycle are labelled with the cycle name. Comparing the results for first 
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and second heating cycle it can be noticed that the melting temperature did not change 
much from first to second heating cycle. 
Table 3-4: Thermal properties of PE80 granules obtained from a heat/cool/heat cycle showing melting 













128.46 130.95 117.75 116.2 119.3 137.3 
All the samples produced with similar method and processing temperatures, which means 
all of them will have similar thermal history therefore it will not be necessary to carry out 
heat/cool/heat cycles and a heat/cool cycle will suffice. A heat/cool cycle was used to 
investigate the thermal properties of samples obtained from the produced strips. All the 
results were taken from the original DSC curves (provided in Appendix B) and were 
plotted versus the screw speed for both the conventional and ultrasonic assisted extrusion 
processes. The results for the melting temperatures of PE80 strips produced at different 
screw speeds are shown in Figure 3-31. Figure 3-32 shows the crystallisation temperature 
of the PE80 strips. From the results presented in Figure 3-31 and Figure 3-32 it could be 
concluded that neither the melting temperature nor the crystallisation temperature were 
changed by the application of the ultrasonic vibrations to the polymer melt. 
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Figure 3-32: Crystallisation Temperature vs. screw speed for PE80 strips produced with and without 
presence of ultrasonic vibrations. 
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Figure 3-34: Crystallisation enthalpy vs. screw speed for PE80 strips produced with and without 
presence of ultrasonic vibrations. 
The heat of fusion or melting enthalpy represents the degree of crystallinity of the material 
and therefore significant changes in melting enthalpy indicate considerable differences in 
the crystalline structure of the polymer. The heating enthalpy for each sample was 
calculated by measuring the area of the melting peak (see Figure 3-30) in their DSC curve 
and plotted against the processing screw speeds; the plot is shown in Figure 3-33.  It can be 
seen that the ultrasonic vibrations did not appear to have an effect on the polymer’s degree 
of crystallinity. In addition, the crystallisation enthalpy as measured by DSC remained 
unchanged for the materials processed with and without ultrasound as shown in Figure 
3-34.  
3.3.5 Rheological Tests 
3.3.5.1 Melt Flow Rate 
MFR standard tests were carried out on Polyethylene PE80 commercial grade and 5 
samples were used to determine the average value that could be used for the material’s 
MFR. The tests were carried out at 190
o
C and with the loading weight of 5Kg. The MFR 
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Table 3-5: MFR results and test conditions for PE80 and PE100. 






L/D 4 4 
Load (Kg) 5 5 
Avg. MFR 0.335 0.236 
3.3.5.2 Capillary Rheometry 
Capillary Rheology tests were carried out on both PE80 and PE100 granules at different 
temperatures to investigate the polymer melt rheological properties and its dependency on 
temperature which could be useful in setting the processing temperatures. The rheology 









. In addition to this capillary rheometry tests were carried out in 
the same shear rate range and at 190°C on extruded PE80 strips processed with and 
without presence of USVs. The experiments were repeated 3 times for accuracy. A flow 
curve for each material and each temperature was generated for the apparent shear rate and 
the apparent shear stress. The results were then fitted to the power law equation. The 
acquired data fitted with the power law equation quite well for all the data sets as can be 
seen from the Figure 3-35.  
 
Figure 3-35: Shear Stress vs. Shear Rate for PE80 Granules at 190
o
C. 
τ = 40507γ0.2865 
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Figure 3-36: Shear Viscosity vs. Shear Rate for PE80 granules at 190
o
C. 
Figure 3-35 and Figure 3-36 show the results of the capillary rheology tests that were 
carried out on the PE80 at 170
o
C. The fitting of the data to the power law was with a high 
regression coefficient. All the other results for the PE80 and PE100 were analysed and 
fitted with power law equation (see Equation 3-3) and are presented Appendix B. The 
fitted power law parameters; power law index (n) and consistency parameter (k); are 
summarised in Table 3-6. 
Table 3-6: Power law parameters of equations fitted to capillary rheometry data of the PE80 tested at 
temperatures of 170, 175, 180, 185 and 190
o
C. 
Temperature Consistency Parameter Power Law Index 
170 44707 0.29 
175 43821 0.2842 
180 40140 0.2961 
185 40097 0.2942 
190 40507 0.2865 
A plot of the melt consistency parameter (k) and the power law index (n) against 
temperature (Figure 3-37) shows that polyethylene’s k-value, which can be used to 
represent the polymer’s viscosity, decreased as expected. The n-values remained almost 
unaffected by an increase of the temperature and the slight changes which could be 
η = 40507γ0.714 
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accounted for by experimental errors; do not follow any sort of trend that can be explained 
by rheological equations and principles. 
The apparent viscosity of the melt was calculated from shear stress and shear rate values 
and plotted against the shear rate for all the temperatures (shown in Figure 3-38). 
 
Figure 3-37: Power law parameters (k and n) of PE80 from fitted equations onto accuired data for 
temperatures from 170°C up to 190°C. 
 
Figure 3-38: Viscosity of PE80 at different Temperatures vs. Shear Rate. 
k = -242.48T + 85501 
R² = 0.7406 
n = 6E-05T + 0.2794 
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The same capillary rheometry tests were carried out on the PE100 and the shear stress-
shear rate plot at 190°C is shown in Figure 3-39. The flow curve of the PE100 at 190°C 
can be seen in Figure 3-40. 
 




Figure 3-40: Shear Viscosity vs. Shear Rate for PE100 granules at 190
°
C. 
τ = 40394γ0.2997 
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Figure 3-41: Viscosity of PE100 at different Temperatures vs. Shear Rate. 
The calculated viscosities of the PE100 melt at different temperatures were plotted against 
shear rate and shown in Figure 3-41. The viscosity of the PE100 melt decreased by 
increasing temperature as expected. The decrease of the consistency parameter of the fitted 
power law (k) is shown in Figure 3-42.  
 
Figure 3-42: Power law parameters (k and n) of PE100 from fitted equations onto acquired data for 
temperatures from 170
°























k = -120.22T + 63103 
R² = 0.9866 
n = 0.0005T + 0.2045 
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The dependency of the viscosity on temperature can be represented by k, comparing the 
slope of the linear fit on k values for the PE80 and PE100 suggests that PE80’s viscosity is 
more temperature sensitive than PE100’s viscosity. 
The produced strips of PE80 with and without presence of USVs were cut and then used 
for capillary tests. The tests were carried out at 190°C and in the same shear range as 
granules. The obtained apparent shear stress and shear rate were used to generate a flow 
curve of the extruded strips at each screw speed. The calculated viscosity is plotted against 
the shear rate and is shown in Figure 3-43 for strips extruded at 10rpm with and without 
USVs. 
 
Figure 3-43: Shear Viscosity vs. Shear Rate for PE80 extruded strips with and without application of 
USVs. 
As seen in Figure 3-43 the apparent shear viscosity measured for PE80 extruded strips did 
not change by application of ultrasonic vibrations. The viscosity of melt is dependant on 
the molecular weight and the chain length of the polymers especially for high molecular 
weight polymers such as polyethylene. Therefore these results suggest that ultrasonic 
vibrations did not affect the chain properties of the polymer melt and as a result of that, the 
viscosity of the melt remained intact by the application of ultrasonic vibrations. The results 
obtained from the capillary tests for the extruded strips produced at the rest of the screw 
CEP 
η = 33688γ-0.676 
R² = 0.9835 
USEP 
η = 34327γ-0.677 
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speeds are also in agreement with the results of the strips extruded at 10rpm. These results 
are presented in Appendix B.  
3.4 Conclusion 
It has been shown that the application of ultrasonic vibrations to the polymer melt resulted 
in some changes to the processing parameters and also to the material properties. The 
effect of the ultrasonic vibrations on the parameters that were affected are summarised 
below.   
 The melt pressure at the metering zone of the extruder barrel decreased by 
approximately 25% when processing without the strip dies. This value was reduced 
to 2-3% when processing with the strip die. 
 The power consumption of the extrusion process at different screw speeds 
decreased in the region of 1-9% when processing the PE80 without the strip die and 
0.2-5% when processing with the die. 
 The measured temperature of the extrudate leaving the ultrasonic die increased 16-
23
o
C depending on the extruder screw speed. 
 The tensile test results suggest that by the application of ultrasonic vibrations 
during the extrusion the young’s modulus of the extrudate increased around 45 
MPa for samples processed at 10 and 20 rpm but for samples processed at higher 
screw speeds the values of the young’s modulus were similar for USV and 
conventionally extruded strips. The strength of the extrudate increased by around 2 
Mpa for samples processed at 10 rpm by the application of the ultrasonic vibrations 
and there was no significant difference between conventional and USV extruded 
samples processed at higher screw speeds. 
 The storage and loss moduli obtained from the DMA tests remained unaffected 
following the application of the ultrasonic vibrations. The glass transition of the 
samples increased around 1°C for the samples prepared with ultrasonic extrusion 
compared to the conventional process.  
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 The results of DSC tests suggested that the melting and crystallisation temperatures 
did not change by introducing ultrasonic vibrations to the polymer melt.  
 The melting and crystallisation enthalpy values of the strips processed with and 
without the presence of the ultrasonic vibrations indicated that these properties 
were not affected by the application of the USVs. 
 The PE80’s viscosity was more temperature sensitive compared to PE100 and it 
can be concluded from the capillary rheometry test results. Comparison of the 
rheology results for the conventional and ultrasonic assisted extruded strips suggest 
that application of the ultrasonic vibrations did not change the rheological 
properties of the extruded products and melt structure.  
The characterization of the extruded samples suggested that polyethylene extrusion and the 
formed product could benefit from the application of ultrasound to the polymer melt.  
In the extrusion of PE80 it was shown that by the application of ultrasonic waves the 
pressure drop in the die decreased. The volumetric flow rate through a channel die can be 
derived from Equation 3-1 and Equation 3-2. It can be seen in Equation 3-8, that Q is 
directly related to the pressure drop and viscosity of the melt. 
      3-8 
Where Q is the volumetric flow, L the length of the die channel, H the height of the die 
channel, W the width of the die channel, µ the viscosity of the melt and ΔP is the pressure 
drop in the die. 
The flow rates for processing of PE80 strips with and without presence of ultrasonic waves 
were similar as shown in Figure 3-21. By comparing Equation 3-8 for the same volumetric 
flow rates of ultrasonic assisted and conventional extrusion, it can be seen that the 
viscosity should be reduced to compensate for the reduction of pressure drop to keep the 
volumetric flow out of the die unchanged. However, the change of pressure drop measured 
at the slit die was not of significant value which suggests that the viscosity change was not 
considerable.  
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It was shown in Figure 3-11 that the reduction of the extruder barrel pressure from 
conventional processing to ultrasonic assisted was significant for extrusion without the slit 
die. By adding the slit die to the extrusion line; however, the reduction in the extruder 
barrel pressure was reduced when compared to processing without slit die. It can be 
concluded that with the addition of the slit die to the extrusion line; it presented an extra 
resistance to the flow of the polymer melt after the ultrasonic block and thus the process 
did not benefit from the reduction in the die resistance. Therefore the ultrasonic vibrations 
should be applied in the high resistance end of the die. Based on this conclusion the 
ultrasonic block was redesigned to operate as a die meaning that USV’s was applied in the 
die itself and not in a feed section to the die. This gives the opportunity to benefit from the 
reduction of pressure in the barrel with similar throughput rates.  
From the tensile results it can be concluded that an increase (4%) of the young’s modulus 
values at 10rpm and 20rpm could be only related to the application of the ultrasonic 
vibrations to the melt as the other processing parameters were kept similar for both CEP 
and USEP extrusion. Young’s modulus is related to small elastic movements in the 
material; therefore tensile results suggest that USVs affect the level of crystallinity that 
reflects the proportions of amorphous and crystalline phase in the sample. However, the 
DSC results proved that the degree of crystallinity remained unchanged by introducing 
USVs to the polymer melt. DMA results showed that the glass transition temperature of the 
CEP and USEP samples was almost similar. From these results it can be said that the 
crystalline phase of the polyethylene has not been affected by presence of the USVs. The 
standard error values calculated for the tensile results were high enough to match the 
difference between the Young’s modulus values for the CEP and USEP results.  The 
difference in the modulus could, therefore, be accounted for by experimental errors. 
Although a difference was observed between the yield strength values for the samples 
produced in the CEP and USEP mode at 10rpm but at higher screw speeds the exposure of 
the melt to the USVs was not enough to be measured.  
Therefore it could be said that the ultrasonic vibrations affect the polymer structure but it 
could have been not sufficient to make significant measurable changes by tensile, DMA 
and DSC characterization techniques.  
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The tensile, DMA and DSC results confirmed that the structure of the polymer was not 
changed during extrusion with ultrasonic waves; however, the results from the extrusion 
trials showed that the processing parameters were affected by the presence of the ultrasonic 
waves. 
By comparing the extrusion results from the sets of experiments carried out without the slit 
die and with the slit die, it can be said that the effects observed in the extrusion processing 
parameters were not the result of permanent changes to the polymer structure.  
A possible explanation for this is that the dissipation of the ultrasonic waves increases the 
energy of the polymer chains, enabling them to move more easily. The free movement of 
the polymer chains would consequently result in a reduction of the pressure generated by 
the flow resistance.  
 
Figure 3-44: Velocity profile of the molten polymer flowing through the channel between ultrasonic die 
and the housing block. 
Ultrasonic waves also change the boundary layer characteristics for the flow of the melt 
over the ultrasonic horn by reducing the adhesion of the melt to the sonotrode and 
generating a melt slipping effect. However, it should be considered that the melt will still 
have the similar flow pattern and boundary layer where it comes to contact with the 
housing block walls. Thus, the extrusion process here only benefits from reducing the flow 
resistance on one side of the melt where it is in contact with the sonotrode. The 
introduction of ultrasonic waves to the walls of the housing block would maximize the 
   Chapter 3 - Conclusion 
85 
effect of ultrasound on the processing parameters. Based on above mentioned theory the 
velocity profile for the melt between the ultrasonic horn and the housing block die should 
be similar to the flow of a viscous fluid between two parallel plates where there is reduced 
resistance to the flow close to one of the plates. As there was no permanent change 
measured in the polymer structure, then all the effects observed in the processing 
parameters should be as a result of either local temperature rise or the modification to the 
flow pattern. Considering the proposed theory on the flow of the polymer melt through the 
channel between the ultrasonic die and the housing block, the velocity profile could be 
similar to that illustrated in Figure 3-44. 
The velocity profile shown in Figure 3-44 can be the possible explanation for the 
experimental results obtained from ultrasonic assisted extrusion, where a significant 
pressure drop was observed in the ultrasonic block for extrusion with and without slit die 
in presence of ultrasonic vibrations. 
The tensile, DMA and DSC results showed that there was no permanent change in the 
polymer as a result of application of ultrasonic vibrations; therefore the changes in 
processing parameters could be the result of a reduction of the resistance to flow in the 
ultrasonic die. 
It was concluded that by addition of conventional dies to the extrusion line, the presented 
resistance by conventional dies reduced the effect of ultrasonic vibrations on the 
processing parameters. Therefore to improve the effect of the ultrasonic vibrations they 
should be applied at the high resistance end of the die.  
It was necessary to investigate the effect of USV’s for higher melt flow rates to determine 
its potential for many of the industrial applications including pipe production. However, 
from the current results the effect of ultrasonic vibrations for higher flow rates is not 
significant and measurable with the abovementioned methods. In order to benefit from the 
effects of ultrasonic vibrations at high throughput rates either the exposure time or the 
ultrasonic vibration power should be increased.  
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Chapter 4                                                     
Pilot Scale In-line Ultrasonic Assisted 




High intensity ultrasonic waves were employed to develop an innovative extrusion process 
in recent years, in which the ultrasonic waves were applied into the polymer melt while 
processing [1-8].  
It is well known that flow of the polymer melt through a die is a key stage of the polymer 
extrusion process. The high hydrodynamic resistance caused by the viscose flow of a 
polymer melt through the die and the distortions of the final products as a result of melt 
fracture are the main challenges when attempting to increase the throughput of the 
extrusion processes. There are other available solutions for this problem such as the 
addition of processing aid or plasticizers and the adjustment of the extrusion parameters 
(temperature setting, processing pressure and rotation speed of the screw); but the 
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introduction of high frequency vibrations at the wall/die surfaces has the potential resolve 
this problem without modification of the material or the processing parameters. However, 
in some cases these methods are found to be inadequate and even inappropriate or to be 
limited due to polymer’s thermal stability and its narrow processing window (such as 
PVC). At the same time, these methods mostly rely on the operators’ experience and 
improvement of the extruder, which means an extra cost for processing expenses [9, 10]. 
During periodical shearing of the polymer melt on the wall surfaces of the die as a result of 
application of high frequency vibrations, structural changes such as polymer chain 
breaking can occur. Consequently, the occurrence of structural changes in the polymer 
melt leads to a reduction of the viscosity of the melt and the elasticity of the material [11-
16]. The reduction of the effective viscoelastic characteristics of the polymer melt is 
proportional to the vibration intensity, which is determined by the product of the vibration 
frequency and the amplitude of the shearing. The changes to the viscoelastic properties of 
the polymer melt under the influence of ultrasonic vibrations is utilized to increase the 
output of the extruder in certain processing pressures [11]. The application of ultrasonic 
waves onto the polymer melt offers some major potential advantages to polymer 
processing and the extrusion process in particular. The possible effects are; the reduction of 
the die head pressure, die lip build up, melt fracture and an improvement of the extrudate 
surface quality. The effects of ultrasonic treatment have been studied in a wide range of 
applications in polymer extrusion and it was reported that the introduction of ultrasonic 
waves into the polymer melt is capable of improving the processing behaviour [17-19], the 
compatibilization of immiscible polymer blends (polymer and rubber blends) [3, 5, 17, 20-
22], the breakdown of the 3D network in vulcanized rubber and the exfoliation and 
intercalation of nanoclays in polymer matrix nanocomposites [23, 24].  
In polymer science, ultrasonic waves were also employed for the modification of polymers 
(chemistry during processing) and for the improvement of other processing methods such 
as injection moulding. In polymer chemistry, high intensity ultrasonic waves have been 
widely employed to induce mechanochemical degradation of polymeric materials in 
solutions to control the molecular weight and the molecular weight distribution in 
polymers. High temperature and pressure, frictional force, and the shock-wave energy 
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induced by the acoustic cavitations could lead to degradation of the polymers (which is 
beneficial) as well as to synthesize novel polymers and copolymers [25-35]. High intensity 
ultrasonic waves are capable of splitting the long chain polymer molecules during the melt 
extrusion [5]. By the breaking of the C-C bonds by ultrasonic waves into long chain C-C 
radicals [36], these radicals could terminate on the main body of the polymers as branches 
or alternatively, in filled systems they could end up on the filler surfaces. 
Ultrasonic oscillations have been widely used in the injection moulding of polymers and 
from the patents available in the public domain the application of the ultrasound can be 
divided into three main categories which are: 
1. The first category is to homogenize and increase the density of the moulded 
material by using mechanical vibration or ultrasonic waves [37-41]. 
2. The second category of patents is employing the effect of the frequency and 
amplitude of the vibration on the viscosity of the material. The dependency of the 
viscosity on above mentioned factors can be employed to manipulate parameters 
such as the nucleation and growth of crystals, blending and orientation [42-60]. The 
modifications could result in changes in the thermal and mechanical characteristics 
of the polymer and could lead for example to an increased tensile, flexural and 
impact strength, stiffness and also an increase in weld line strength, increased 
dimensional stability, and a decrease in the number of the voids and sink marks. 
3. For the third category the vibrations were effectively used for the generation of 
local heat by pressure pulsations that lead to local elevated temperatures. The 
generated heat can be large enough in injection moulding to avoid the premature 
freezing of the injection gate that can result in a major reduction of the product 
shrinkage [61, 62]. Vibrations have been used to decrease surface stresses at the 
wall boundary layer for polymer melts in the die and non-Newtonian fluids inside 
the pipes [17, 19, 63-68]. Experiments carried out on vibrating walls and dies 
showed a reduction of the required pressure and temperature for processing. It was 
also reported that the mechanism which is responsible for the melt instability in 
annular dies was distorted by the application of the USVs, allowing for an increase 
in the throughputs without occurrence of shark skin or melt fracture [17, 69-74]. 
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The techniques used in this category reduced the processing temperature and 
pressure by vibrating the wall surfaces, also it has been reported that the output rate 
in annular dies can be increased by introduction of vibrations into the die wall 
surfaces [17, 69-74]. 
Oscillations can be introduced into polymer melts in two possible ways. They could be 
applied either parallel or perpendicular to the direction of shear flow [21, 75]. In the 
parallel superposition the oscillations will coincide with the flow while in perpendicular 
form they are at 90
o
 to each other. The oscillations could be of sonic frequency [14, 74, 76-
89] or of an ultrasound frequency [81, 87, 90, 91] and it has been shown in the literature 
that with both ways of the application of the oscillations, the viscosity of the polymeric 
fluids decreased [21, 75]. The choice of either a parallel or perpendicular mode of 
application of the oscillations depended on the feasibility for the practical application. 
By the application of vibrations into wall surfaces the friction between the polymer melt 
and the die walls became negligible that lead to a sliding movement of the polymer melt on 
the wall surfaces during extrusion [78, 82, 86]. This could be the cause for the reduction of 
pressure drop in the die for the extrusion of polystyrene, polyethylene, and polypropylene 
[81, 87, 88].  
Introduction of oscillations during extrusion through a circular die in both longitudinal and 
transverse mode have been studied for a low density polyethylene (LDPE), polystyrene, 
and a 50/50 blend of high density polyethylene (HDPE) and LDPE; the oscillations altered 
the extrudate which led to improvements of mechanical properties and reduction of die 
pressure [74]. 
Typically, the change of the viscoelastic properties of the polymer in the ultrasonic 
frequency range can be induced with vibration amplitude of only a few micrometers. It was 
learnt from previous studies that the superposition of the ultrasonic waves with amplitudes 
of 5-30µm on capillary flow reduced the apparent viscosity and the die swell ratio of the 
polymer melt and also the shape of the extrudate considerably [81, 87, 92] as it can be seen 
from Figure 4-1 . 
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Figure 4-1: Characteristic contours of extruded poly vinyl chloride, polystyrene, and polythene: (a) 
sections of the designed shapes, (b) sections of conventionally extruded samples, and (c) section of the 
samples treated with ultrasonic waves [87]. 
Most of the recent studies on the application of ultrasonic vibrations were mainly focused 
on the following topics: 
1. Effects of ultrasonic irradiation on the characteristics of the extrusion process including 
die temperature die pressure, flow rate of polymer melt, and rheological behaviour of 
polymer melt.[72, 93, 94] 
2. Ultrasonic improvement of the compatibility and enhancement of the mechanical 
properties of polymer blends.[22, 95-98] 
Inorganic fillers are being increasingly used to enhance mechanical properties of polymers 
[99-102]. The improvement of mechanical properties of the polymer melt is strongly 
dependant on the morphology and dispersion of the fillers in the polymer matrix. Poor 
dispersion of the fillers and week interaction of filler/matrix could drastically reduce the 
process ability and mechanical properties of the polymers. In order to achieve a 
homogenized dispersion of fillers and to improve the interactions of filler/matrix several 
methods usually employed:  
 Surface treatment of fillers [101, 103, 104]  
 Polar group functionalization of polymers [105, 106]  
 Addition of a bifunctional component to interact with both filler and matrix [107]  
 Mechanochemical modification of the fillers [108-110] 
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Polymer based nano composites are another field that have benefited from ultrasonic 
vibration. A number of studies have been carried out on filled systems focusing mainly on 
nanocomposite preparation [111-114] and in most of them better dispersion of filler and 
breakage of agglomerations were observed [111-113, 115-122]. 
Although a number of companies are benefitting from this technology,  very little is known 
about the mechanism and its industrial scale setup in the open technical literature [123]. 
Most of the methods seen in the previous literature have used ultrasonic probes installed in 
a conventional die.  
In this chapter the effects of ultrasonic waves will be investigated on extruded 
polyethylene pipes. High intensity ultrasonic oscillations were applied to the polymer melt 
during extrusion process and at the die zone for the production of a commercial grade of 
HDPE pipes. The extrusion grade of HDPE was also used with different concentrations of 
calcium carbonate in order to study the influence of the filler concentration on the effect of 
ultrasonic waves on the extrudate and processing parameters. 
4.2 Experimental 
4.2.1 Materials  
Three different grades of polyethylene were used in this part of the study.  
 A commercial pipe extrusion grade of polyethylene, pipe grade HDPE (PE80) 
which was supplied by Polypipe Terrain (manufactured by BOREALIS) with a 
melt flow rate of 0.33 g/10min under the load of 5.0Kg at 190°C, was used both for 
polymer strip and pipe processing.  
 A high density polyethylene copolymer with narrow molecular weight distribution 
specially developed for injection/compression moulding and a general purpose 
extrusion grade HDPE. The low viscosity HDPE copolymer (Rigidex5130) which 
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was used for strip production was developed by INEOS
1
 Polyolefins with an MFR 
of 2.4 g/10min under the load of 2.16 Kg at 190°C. 
 The third grade of polyethylene (HYA600) was made by Exxon Mobil2 and it was 
used for pipe extrusion, the MFR was 0.35 g/10min under the load of 2.16 at 
190°C. All the materials were received in a granular form. A master batch with 
80%wt calcium carbonate (supplied by DISTRUPOL
3
) and HYA600 were used for 
compounding of 20%wt (HYA600/20, φf=0.08) and 40%wt (HYA600/40, φf=0.19) 
filled composites. 
4.2.2 Design of 2nd generation ultrasonic horn and the housing block 
The second generation ultrasonic horn (G2) was designed to introduce the ultrasonic 
vibration into the melt in the die. The ultrasonic horn consisted of the conical section of the 
1
st
 generation horn (G1) that was followed by a cylindrical extension from the base of the 
cone.  
The new design benefited from the previous design’s conical section that produced 
components of compressive and shear oscillations. The extended cylindrical section 
increased the exposure of the polymer melt to the additional shear oscillations. The 
compressive oscillations (that were believed to be more effective) were applied when the 
molten polymer entered the ultrasonic die flowed over the conical section of the die while 
the shear oscillations were applied in the cylindrical section to make the flow of the melt 
through the die easier. The top block and the mid block both remained unchanged for the 
G2 ultrasonic horn. A new bottom block, however, was designed to fit the new horn 
design. 
                                                 
1
 A manufacturing, distribution, sales and marketing company of speciality and intermediate chemicals, 
including oxides, glycols, and esters. 
2
 One of the largest petrochemical companies worldwide, providing the building blocks for a wide range of 
products, from packaging materials and plastic bottles to automobile bumpers, synthetic rubber, solvents and 
countless consumer goods. 
3
 European leader in the sales, marketing, distribution and application development of an extensive range of 
thermoplastic polymers and elastomers. 
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Figure 4-2: Schematic diagram of the G2 ultrasonic horn and the housing block. 
 
Figure 4-3: Side view of 3D model of the G2 ultrasonic horn showing the parallel section, conical 
section and the clamping flange of the horn. 
As shown in Figure 4-2, the horn was clamped between the top block and the mid block by 





















Clamping flange  
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no vibration or the vibration is minimum) according to FEA modelling of the horn.  In 
order to minimize the damage to the horn by cavitations generated from the oscillations, 
the material of the horn was changed to grade 5 titanium. The proposed horn dimensions 
were modelled at Telsonic (the ultrasonic generator supplier) using FEA and with purpose 
built software package. The ultrasonic wave generator was supplied by Telsonic with 
nominal power value of 2.0Kw and with a fixed vibrating frequency of 20 KHz.  The 
generator had an adjustable vibration amplitude switch that could be adjusted between 70% 
and 100% of the available power to the sonotrode. 
The temperature on the bottom block was controlled by a DME Smart Series PID 
controller unit that controlled four 800W cartridge heaters. The temperature reading for the 
controller unit was provided by a thermocouple positioned 1-1.5cm from the surface on the 
centre of the bottom block. A pressure transducer hole was also placed on one side of the 
bottom block to enable melt pressure readings (shown in Figure 4-4). 
 
 
Figure 4-4: 3D model of bottom block showing the cartridge holes and the pressure transducer hole. 
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Figure 4-5: (Left) assembled adapter to deliver the polymer melt from extruder end to the ultrasonic 
block, (right) the adapter installed on the extruder showing the feed hole to the ultrasonic die in the 
front face. 
To install the housing block on the 50mm extruder an adapter was manufactured to suit. 
The adapter consisted of a circular plate 15mm thick which took the feed from the extruder 
end (24mm) down to 16mm, which was the diameter of the feed entrance to the ultrasonic 
die (Figure 4-5). The adapter was not equipped with any heating source because of its short 
length; it was therefore given adequate time to be heated by the heater band on the extruder 
end through conduction. The design sketches, installation pictures for the housing block 
and the adapter are provided in Appendix C.  
4.2.3 Extrusion of polyolefins by single screw extruder 
Single screw extrusion is widely employed in the PE pipe manufacturing industry because 
of its low maintenance cost and ease of use. The effects of ultrasonic waves on the polymer 
melt were studied when processing in a 25mm single screw extruder. To be able to 
investigate the effects of ultrasonic waves for higher melt flow rates it was essential to 
move onto a larger extruder. With the 50mm screw extruder the effect of USV could be 
investigated at higher throughputs rates compared to those carried out on the 25mm 
extruder. The details of the extrusion process are described in this section. 
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4.2.3.1 Barrel and feeding 
A Betol BK50 extruder was used to plasticize the polymer. The barrel featured a pressure 
transducer port that was fitted with a pressure transducer to measure the melt pressure in 
the barrel. The feed throat of the barrel was equipped with a water cooled jacket.  
4.2.3.2 Heating system of the extruder 
The heating system on the extruder consisted of 4 heaters that divided the barrel into 4 
heating zones. The heaters were all wired to the control unit as shown in Figure 4-6. The 
extruder was air cooled and the barrel was covered in order to optimize the cooling.  
 
Figure 4-6: Extruder barrel and the 4 heating zones of the extruder barrel (the heater bands and the 
blower fan holes beneath each zone are also shown too). 
4.2.3.3 Temperature controllers 
Analogue Eurotherm temperature controllers were used to maintain the temperature on the 
set temperature. The controllers handled power input into the heaters and the start/stop of 
the blower fans for cooling of the barrel.  
Heating zones of the barrel 
Zone 1 Zone 2 Zone 3 Zone 4 
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4.2.3.4 Motor Load and screw speed indicators 
The motor load was displayed on an analogue scale that showed the current drawn by the 
extruder motor in amperes. The screw speed could be set by a dial that could be locked at a 
desired point if required. The screw speed was displayed on an analogue scale on the control 
unit. 
4.2.3.5 Screw geometry 
The screw was 1.4m long with the processing length of 1.25m. It was the gradual 
compression polyolefin screw with a diameter of 50mm and L/D ratio of 25:1. 
4.2.4 Calendering System 
A Betol calendaring system with 3 steel cooling rolls and 2 rubber pull rolls was used to 
make the polymer strips. The chill rolls were kept cool by circulating water at room 
temperature through them.  
4.2.5 Sizing and calibration system 
A Hettinga Reeve water/vacuum bath was employed for the forming and cooling of the 
extrudate in the pipe extrusion process. The water bath featured a sealed controllable 
vacuum section followed by the cooling section that used water sprays to cool down the 
product. A 63mm diameter sizing sleeve was fitted to the vacuum section. The bath also 
featured a water tank for circulation of the cooling water and a heat exchanger to control 
the water temperature. 
4.2.6 Chiller 
In order to maintain the water temperature a Tricool Engineering portable chiller was used. 
The chiller featured an independent coolant circuit (connected to the water bath’s heat 
exchanger) and a temperature controller for temperatures ranges from 7°C to 27°C.  
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4.2.7 Ultrasound Generator 
A TELSONIC SG-22 power supply was used to convert the mains electrical power to the 
required voltage, current and a frequency of 20 KHz. The power supply was connected to a 
TELSONIC SE2012 transducer with an air cooled aluminium collar to maintain the 
temperature of the transducer at room temperature. The transducer converted the electrical 
power into mechanical vibrations with amplitude of 20µm. The transducer was connected 
to the titanium booster which intensified the amplitude by the ratio of 1.5 which resulted in 
amplitude of 30µm at the end of the booster. The last piece of ultrasonic system was the 
ultrasonic horn or sonotrode. The sonotrode as mentioned earlier was made of titanium and 
it converted the waves by the ratio of 0.6 to vibrations with maximum amplitude of 18µm 
(at antinodes). Figure 4-7 shows the transducer, booster and the sonotrode before installing 
on the ultrasonic die. 
 
Figure 4-7: Ultrasonic transducer, booster and the G2 ultrasonic horn. 
Transducer Ultrasonic Horn Booster 
Air cooled 
Aluminium Collar  
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4.2.8 Characterization and Testing 
4.2.8.1 Processing Parameters 
Several processing parameters were recorded in Chapter 3 and compared for conventional 
and ultrasonic assisted extrusion processes. Same processing parameters were used to 
allow comparison between two different modes of extrusion and investigate the effects of 
ultrasonic vibrations on the processing parameters. 
 Pressure: Three pressure transducers were fitted on the metering zone of the 
extruder barrel; ultrasonic block entrance and exit to record melt pressure while 
processing with and without ultrasound.  
 Extruder & Heaters power consumption:  The power consumption was one of 
the processing parameters those were believed to be affected by the application of 
ultrasonic waves. In order to measure the overall power consumption it was 
necessary to measure the power consumed by the extruder and the ultrasonic die 
heaters. The extruder was fitted with the power meter that allowed power 
measurements for a known processing time. Plug in power meters were used to 
measure the power consumed by the cartridge heaters in the ultrasonic housing 
block.  
 Temperature: The temperatures for the 3 zones of the extruder barrel were not 
recorded as the temperature controllers installed on the control unit were analogue 
dials that only allowed the setting of the temperature.  
The temperatures of the two heating zones of the ultrasonic block and the melt 
temperature were recorded for the different processing methods at the different 
screw speeds used. 
 Output rate: The output rates were measured by manually cutting and weighing 
the extrudate produced during the known time period. The measurements were 
repeated 3 times for accuracy of the results; the average of the measurements was 
then reported. 
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4.2.8.2 Material Properties 
 Mechanical Properties 
Tensile Properties: Dumbbell Tensile Testing samples were punch cut from the 
strips using a CEAST punch cutter to produce samples with the standard 
dimensions of Type 5A specimens described in BS EN ISO 527-2:1996. The same 
method was used to prepare samples from the extruded pipes. For consistency, all 
of the samples were cut from the same axial position to the feed gate in the 
ultrasonic die in the pipes. The tensile tests were carried out on an Instron machine 
equipped with Zwick/Roell Smart Pro software and drive motor. The tests were 
carried out up to 80% strain to measure Young’s modulus and yield strength of the 
materials.  
Dynamic Mechanical Analysis: Samples were cut from the strips and pipes using 
the tool provided by TA instruments (parallel blades width of 5mm). For 
consistency of the results the samples were cut from the same areas related to the 
feed gate in the die. Dynamic Mechanical Analysis tests were performed on the 
polymer bars using a TA Instruments Q800 in temperature range of -140°C up to 80°C 
with a heating rate 3°C/min and the test frequencies of 1, 5 and 10 Hz. 
 Thermal Properties 
Differential Scanning Calorimetry (DSC): Standard differential scanning 
calorimetry was carried out on samples that had been prepared from product at the 
different screw speeds to determine the degree of crystallinity, melting point, enthalpy 
of melting and enthalpy of crystallisation. The tests were performed on a TA 
Instruments DSC Q2000 using standard aluminium pans in a nitrogen purge gas 
atmosphere within the temperature range of -80°C to 180°C, with a heating rate of 
10°C/min and the cooling rate of 5°C/min. 
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 Rheological properties 
Parallel plate rheometry 
The rheology of a polymer melt is very sensitive to small changes of the polymer 
structure. The important structural parameters defining the rheology of a polymer 
melt are molecular weight, molecular weight distribution and chain branching, and 
such information can be obtained with the Rotational Rheometer. As with the 
DMA, the Rotational Rheometer is a mechanical spectrometer capable of 
subjecting a sample to a dynamic (sinusoidal) or steady (linear) shear strain 
(deformation), and the resultant torque expended by the sample in response to the 
shear rate is measured. The Rotational Rheometer is mainly used to perform 
viscosity measurements and the material properties obtained can be: 
 Dynamic shear flow behaviour (G’, G’’, tan delta or tanδ and the dynamic 
viscosity, ηd) as a function of frequency (time) and temperature. 
 Steady shear flow behaviour (shear viscosity and shear stress) as a function of 
the shear rate. 
The storage shear modulus G’, loss shear modulus G’’ and tanδ are obtained 
according to the following relationships: 
 
      4-1 
Where Gd is the dynamic shear modulus,  is the angular frequency and ηd is the 
dynamic viscosity. 
     4-2 
     4-3 
      4-4 
An ARES (Advanced Rheometrics Expansion System) instrument from TA 
Instruments was used to measure G’ and G’’, as a function of frequency (time) for 
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the samples. Standard parallel plates with diameter of 25mm were employed to 
carry out frequency sweep tests at 190°C with the strain of 0.1% in the frequency 
range of 0.1 to 512 rad/sec.  
4.3 Results and Discussion 
4.3.1 Extrusion processing  
4.3.1.1 Extrusion of the polyethylene Strips 
Strips were produced from PE80 and Rigidex5130 at five different screw speeds of 8, 12, 
16, 20 and 24 rpm with and without the presence of ultrasonic waves. The temperature 
setting of the extruder is summarised in Table 4-1.  








 T1 T2 T3 T4 T5 T6 T7 T8 
Rigidex5130 160 165 170 170 175 175 175 175 
PE80 175 180 185 190 190 190 190 190 
In order to maintain the drawing ratio and hence the speed for the set screw speeds the 
conventional extrusion process was followed immediately by the ultrasonic assisted 
extrusion for each extrusion screw speed. The same processing procedure was repeated for 
all the above mentioned screw speeds. The extrusion of Rigidex5130/PE80 was started 
when the temperatures of the extruder and the die zones reached the set value. Prior to 
sample collection some material was extruded until the temperatures of the barrel and the 
die stabilized. The melt was then fed into the chill rolls where it solidified as a polymer 
strip.  
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Figure 4-8: Rigidex5130 strips (Left) and PE80 strips (Right) produced at different screw speeds and 
in both CEP and USEP modes which were used for characterization tests. 
Figure 4-8 shows the strips produced at different screw speeds using CEP and USEP 
extrusion process and processing parameters tabulated in Table 4-1, these strips then used 
for sample preparation of the characterization tests. 
In the extrusion of the strips the barrel pressure, ultrasound die entrance pressure and 
ultrasonic die exit pressure were recorded. The time to consume 0.06/0.07 KWh was 
recorded using the digital watt meter fitted to the extruder. The measurements were then 
used for the power consumption calculation of the extruder. The same method was used to 
determine the power consumption of the ultrasound die and the ultrasonic generator when 
it was in use. The amount of KWh consumed within the measured time was then recorded 
and used for the calculation of the power consumption for the extruder, ultrasonic die 
heaters and the ultrasonic generator. The summation of the power consumed by the 
processing components was then recorded as the total processing power consumption. 
 
 4-5 
   4-6 
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  4-7 
The extruder barrel pressure for the processing of Rigidex5130 is shown in Figure 4-9. It 
can be seen that the barrel pressure drops by the application of ultrasound which induces a 
reduction in the resistance of the die to the flow of the polymer melt.  
 
Figure 4-9: Extruder barrel pressure for CEP and USEP processing of Rigidex5130 strips. 
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The measured melt pressure at the entrance of the ultrasonic die (see Figure 4-10) showed 
a 24-31% reduction from CEP to USEP. The reduction of the melt pressure and increase of 
the melt temperature have been reported previously for the application of sound frequency 
waves into polymer melt at the die region [66, 88]. 
The ultrasound vibrations were applied in compressive (in the conical section of the die) 
and in shear mode (in conical and cylindrical section of the die) to the polymer melt flow 
in the G2 arrangement. The application of the ultrasound in the perpendicular direction to 
the melt flow generated more heat from the dissipation of the wave energy as the USVs try 
to vibrate the flowing melt in a compression-decompression mode. The compressive 
vibrations penetrated deeper into the polymer melt and their energy dissipation generated 
the heat that lead to a temperature rise. The vibrations applied in the shearing mode made 
the melt move more easily over the body of the ultrasonic horn.  
Increasing the melt flow rate decreased the exposure time of the melt and consequently 
reduced the temperature rise as a result of the reduced contact time with the US horn. 
Higher flow rates of the melt, on the other hand accelerated the shearing of the melt over 
the parallel section of the horn that reduced the resistance of the die to the flow. 
 























Screw Speed, rpm 
CEP
USEP
Chapter 4 - Results and Discussion 
114 
The total power consumption for both the CEP and USEP extrusion of Rigidex5130 is 
shown in Figure 4-11 and, as expected, increased linearly with the increase of the screw 
speed. The results are in agreement to the results obtained from the 25mm extruder that are 
presented in section 3.3.2. The total power consumed for the extrusion of Rigidex5130 was 
reduced by the application of ultrasound during the extrusion by 5.8-9.5%. 
 
Figure 4-12: Output rates of polymer melt for different screw speeds measured for both CEP and 
USEP extrusion of Rigidex5130 strips. 
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The output rates were also measured for both processes and they are shown in Figure 4-12.  
No significant change was observed by the application of USVs. As expected the output 
rate from both the conventional and USEP extrusion increased linearly by increasing the 
screw speed. The power consumption measurements and output rate results of 
Rigidex5130 suggested that for processing of the similar amount of material, USEP 
extrusion will consume less power than CEP. 
 
Figure 4-14: Ultrasonic die entrance pressure for CEP and USEP of PE80 strips. 
Similar extrusion processing to Rigidex5130 was carried out on PE80 and strips were 
produced with both the CEP and USEP. The barrel pressure was recorded and is shown in 
Figure 4-13. It can be seen from the results that a drop in pressure was observed for the 
extruder barrel and the amount of the reduction (2.6-6.1% over the range of screw speed) 
of pressure was lower than the value observed for Rigidex5130 processing (6.3-9% over 
the range of screw speed). This means that the effect of ultrasonic vibrations on the 
extruder barrel pressure for the processing of PE80 was less than Rigidex5130. A possible 
explanation for this could be the higher viscosity of the PE80 compared to the 
Rigidex5130. The heat dissipation of the ultrasonic vibrations in the polymer melt is 
greater for the PE80 compared to the Rigidex5130 as a result of the viscosity difference. 
As discussed earlier in Section 1.3.3 of Chapter 1, ultrasonic waves could generate heat 
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decrease of friction. The generated heat from the dissipation of the ultrasonic waves lead to 
a local rise in temperatures and thus the viscosity of the polymer melt was locally reduced. 
The lower local viscosities lead to an easier flow of the polymer melt and thus lowered the 
back pressure (barrel pressure) and die entrance pressure. 
The decrease of the friction as a result of the high frequency shear vibration reduced the 
resistance of the die to the melt flow and consequently reduced the back pressure generated 
by the die. Figure 4-15 shows the total power consumption of the extrusion process for the 
production of the PE80 strips. The power consumption was measured for the 5 different 
screw speeds and it can be seen that the power consumed to produce strips at 8rpm by 
application of ultrasound was 4.2% lower than the amount of energy used to produce the 
strips at the same screw speed with conventional extrusion. The difference between power 
consumption of these two processes was reduced by increasing the screw speed. The 
difference between the power consumptions of USEP and CEP became almost zero at 
24rpm which meant that although the application of the ultrasound does affect the die 
characteristics of the process as shown in Figure 4-14, the residence time of the melt in the 
ultrasonic die was not enough to affect the power consumption of the extrusion process. At 
higher melt flow rates, the ultrasonic generator will need more energy to maintain the 
operating frequency and amplitude, especially in the cylindrical section of the horn. The 
reason for this is the nature of the ultrasonic generators as they operate on the basis of 
power on demand. This means that if the vibration of the horn needs more energy the 
generator will consume more power to maintain the operating frequency and amplitude. 
Shear vibrations for the higher flow rates of the melt consume more power as a result of 
higher shear force on the horn that the horn has to overcome in order to vibrate while this 
force is lower for the lower screw speeds. Although there was no power readings for the 
ultrasonic generator alone but the power indicator, which was a LED display, showed 
higher power consumptions for higher screw speeds.  
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Figure 4-15: Total power consumption for CEP and USEP extrusion of PE80 strips. 
 
Figure 4-16: Output rates of polymer melt for different screw speeds measured for both CEP and 
USEP of PE80 strips. 
The output rates for both USEP and CEP processes were measured at the different screw 
speeds and no difference between them was observed as it can be seen in Figure 4-16. 
Similar to Rigidex5130, the energy consumption measurements and the output rate results 
from the PE80 suggested that for processing a similar amount of material the USEP 
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4.3.1.2 Extrusion of the polyethylene pipes 
Pipes were produced from PE80, HYA600, HYA600/20 and HYA600/40 compounds at 
five different screw speeds of 12, 14, 16, 18 and 20 rpm with and without presence of the 
ultrasonic waves. The extrusion process was carried out for each screw speed until the 
processing parameters were stable before collecting any data or testing sample. The 
temperature setting of the extruder is summarised in Table 4-2. Because the processing 
temperatures for the HYA600 resin and the composites of HYA600 were similar they are 
both represented in Table 4-2 as HYA600. 








T1 T2 T3 T4 T5 T6 T7 T8 
PE80 200 200 200 200 200 200 205 205 
HYA600  180 180 190 190 190 190 200 200 
 
To start the production of the pipes the following procedure was carried out.  
 A setup pipe with a length of three meters was positioned in the haul off and the 
water bath to enable the pulling of the extrudate through the water bath using the 
haul off. 
 A sufficient length of the polymer was extruded to be tied onto the pipe and then the 
extruder was stopped. 
 The extruded polymer was then tied onto the pipe using nylon cable ties to prevent 
water entering the inside of the pipe. 
 The extrusion was started at the same time as the haul off. 
 The water bath was brought forward close to the exit of the die.   
Then using the haul off which was set on appropriate speed the extrudate pulled into the 
vacuum sizing sleeve of the water bath to get into the pipe form and solidify. The Pipe then 
entered the cooling section where water was sprayed onto the pipe to cool it down to the 
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ambient temperature before it reaches the haul off. For each screw speed about 3 to 4 
meters of pipe was produced and the processing parameters recorded. 
Figure 4-17 shows samples of the pipes produced with the PE80, HYA600 and HYA600 
composites at different screw speeds using both CEP and USEP extrusion modes. The 
pipes then used for preparation of samples of the characterization tests. 
 
Figure 4-17: Samples of the pipes which have been produced with PE80, HYA600, HYA600/20 and 
HYA600/40 from top to bottom. 
 
Figure 4-18: Ultrasonic die entrance pressure for CEP and USEP processing of PE80 pipes. 
The die entrance pressures for the CE and USE processes are shown in Figure 4-18 for the 
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for the USE of the pipes at the same screw speed. The extruder barrel pressure also showed 
a similar behaviour to the die entrance pressure being lower for the USEP when compared 
to the CEP; the results were plotted against screw speed and are presented in Appendix C. 
The power consumed by the die heaters, the ultrasonic generator (for USEP) and the 
extruder was measured and used to calculate the total power consumption. The calculation 
of the total power consumed was similar to the calculation that was carried out for the strip 
extrusion. The calculated power consumption for the processing of the PE80 pipes is 
shown in Figure 4-19. It can be seen that the power consumed to produce pipes at 12rpm 
USEP extrusion is 12.2% lower than 12rpm CEP. The difference in power consumption by 
increasing of the screw speed reduced until 20rpm where the difference between two 
values of the power consumption was negligible. As expected the power consumption 
increased almost linearly up to the screw speed of 18rpm for both CEP and USEP, but the 
consumed power increased slightly with an increase of the screw speed from 18rpm to 20 
rpm. The reason for this could have been the increase of shear heating. The same 
behaviour has been observed for processing of PE80 strips at 20rpm and 24rpm as shown 
previously in Figure 4-15. 
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The line speeds of the pipe production were determined by measuring the length of pipe 
produced in a known amount of time for each screw speed. The calculated line speed along 
with the weight of 0.5m of the pipes produced at each screw speed; was then used for the 
determination of the output rates of the pipe extrusion process using Equation 4-8. 
 
 4-8 
The output rates remained unchanged by the application of ultrasound to the extrusion of 
pipes and as shown in Figure 4-20. This was similar to the previous results on the 
production of the strips and, as it was expected theoretically, the output rates of the 
extrudate increase linearly with the extrusion screw speed. 
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Figure 4-21: Ultrasonic die entrance pressure for CEP and USEP of HYA600 pipes. 
HYA600/20 and HYA600/40 were used for production of the pipes to investigate the 
effect of the ultrasound waves with and without presence of the fillers. The compounds 
were prepared by weighing and mixing the appropriate amounts of the master batch and 
the base resin. The prepared compounds were then used for pipe extrusion with the 
conditions shown in Table 4-2. The processing parameters were recorded during the 
extrusion of the pipes.  
For the HYA600 pipes both the extruder barrel pressure (presented in Appendix C) and the 
die entrance pressure (shown in Figure 4-21) dropped in presence of the ultrasound waves 
by 3.4-3.9% and 6.9-9.3% respectively.  This was a similar result to the extrusion of the 
PE80 pipes. 
The total power consumed by the HYA600 pipe extrusion was measured and plotted 
against the screw speed and this is shown in Figure 4-22. The power consumed was 
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Figure 4-22: Total power consumption for CEP and USEP extrusion of HYA600 pipes. 
 
Figure 4-23: Output rates for different screw speeds measured for both CEP and USEP extrusion of 
HYA600 pipes. 
While the barrel pressure, die entrance pressure and energy consumption of the process 
were affected by application of ultrasound waves, the output rates remained unchanged 
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Figure 4-24: Ultrasonic die entrance pressure for CEP and USEP of HYA600/20 pipes. 
The same temperature setting for the HYA600 extrusion was used for the pipe extrusion of 
HYA600/20. The line speeds that were used to produce HYA600 pipes were maintained 
for the processing of the HYA600/20 pipes. The polymer melt pressure was measured at 
the metering zone of the extruder barrel (presented in Appendix C) and at the entrance of 
the ultrasonic die for the HYA600/20. The die entrance pressure for the CEP and USEP 
processing of the HYA600/20 is presented in Figure 4-24. 
For the HYA600/20 compound the die entrance pressure dropped between 7.5-9.5% (for 
processing at screw speeds of 20rpm to 12rpm, respectively) with the introduction of the 
ultrasonic waves which is higher than the pressure drop observed in the HYA600 pipe 
extrusion that varied in the range of 6.9-9.3% (for processing at screw speeds of 20rpm to 
12rpm, respectively).  
The total power consumption for the extrusion of HYA600/20 pipes was lower for the 
USE, than the CE as shown in Figure 4-25. At all the screw speeds the difference in power 
consumption is approximately 21% lower for the USE than CE. This reduction of power 
























Screw Speed, rpm 
CEP
USEP
Chapter 4 - Results and Discussion 
125 
 
Figure 4-25: Total power consumption for CEP and USEP of HYA600/20 pipes. 
Figure 4-26 shows the output rate for the HYA600/20 pipes that was measured for screw 
speeds of 12 to 20rpm, as expected from previous experiments the presence of ultrasonic 
vibrations did not affect the output rate. 
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Figure 4-27: Ultrasonic die entrance pressure for CEP and USEP of HYA600/40 pipes. 
The extrusion of HYA600/40 was carried under similar conditions to extrusion of the 
HYA600. The line speeds for the different screw speeds were also kept the same as for the 
HYA600 and HYA600/20. The extruder barrel pressure (presented in Appendix C) and the 
die entrance pressure which is shown in Figure 4-27 decreased with the application of 
ultrasound in the regions of 4.6-7% and 6.3-10.4% respectively. 
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Figure 4-28 shows the total power consumption for the processing of the HYA600/40 
pipes at different screw speeds. The total energy consumed by the extruder, die heaters and 
the ultrasonic generator reduced by 13.1-19.2% for USE compared to CE. Figure 4-22 
shows that the total power increased linearly with an increase in the screw speed. However, 
by considering the power consumption measurements for the composites (Figure 4-25 and 
Figure 4-28), it can be seen that the slope of the linear fit to the results is lower for the 
composites when compared with the resin. Therefore it can be said that the total power 
consumption for the extrusion of the HYA600 composites is less sensitive to changes in 
the screw speed in the range of screw rotation speeds investigated. This can be explained 
by increase in the contribution of the shear heating to the process heating as a result of 
viscosity increase.  
The output rates for processing the HYA600/40 pipes were also measured in the same way 
as the HYA600 and HYA600/20 pipes. The measured output rates are plotted against the 
screw speed and are shown in Figure 4-29. It can be seen that the output rate remained 
unchanged from CEP to USEP. 
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The specific heat capacity of CaCo3 is 0.9 KJ/(Kg.K) whereas polyethylene’s specific heat 
capacity range from 1.8 up to 2.4 KJ/(Kg.K) [124].  Addition of CaCO3 to the polyethylene 
decreased the heat capacity of the composite compared to the resin and at the same time 
increased the heat conductivity of the composite as the fillers are more conductive to heat 
than the polyethylene melt. The reduction in the heat capacity leads to a lower total power 
consumption for extrusion of HYA600/40 when compared to HYA600/20 and the resin. 
However, presence of CaCO3 increased the viscosity of the composite when compared 
with the resin [125] and as a result of that the generated heat from shear heating and 
ultrasonic vibrations increases.  
The increase in the viscosity of the compound compared to the resin would demand extra 
power from the extruder motor. On the other hand the heat capacity of the compound is 
lower than the resin therefore energy needed to melt the resin is lower and compensates for 
higher extruder motor power consumption. The specific heat capacity of particle filled 
polymer matrix composites can be predicted with rule of mixtures for the composites. 
     4-9 
Where C is the specific heat capacity, Φ is the filler volume fraction and subscripts c, p and 
m denote composite, particle and matrix, respectively. The specific heat capacity of the 
composites were then calculated and shown in Table 4-3 based on specific heat capacities 
of 0.9 KJ/(Kg.K) and 2.4 KJ/(Kg.K) for calcium carbonate particles and polyethylene 
resin, respectively. By using calculated specific heat capacities the amount of energy 
required to heat 1 Kg of the resin/composites from the room temperature (21°C) up to the 
melting temperature (130°C) was calculated and presented in Table 4-3. 






Required heat to melt 1Kg 
of the material (KJ) 
0 2.4 256.8 
0.08 2.28 243.96 
0.19 2.115 226.305 
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 The calculated values in Table 4-3 indicate that melting of the same amount of the 
composites require less energy when compared with the resin. The presence of the filler in 
the HYA600 composites lead to lower total power consumption compared to the total 
power consumption of the resin and it is in agreement with the presented results in this 
section.  
4.3.2 Mechanical Testing 
As it was discussed earlier in Chapter 3 the introduction of ultrasound into polymer melts 
during extrusion not only affected the processing parameters but also could modify the 
product’s mechanical properties as it also reported in the previous literature [3, 111, 121, 
126-128]. The mechanical properties of the samples produced by the extrusion process 
were investigated by tensile testing and dynamic mechanical analysis.  
4.3.2.1 Tensile Testing 
The tensile tests were carried out with a gauge length (extensometer) of 25mm and at a speed 
of 1 mm/min for the modulus measurements and a gauge length (cross head grip separation) of 
50mm and the test speed of 5 mm/min for the rest of the test. The samples were extended well 
past their yield point. 
4.3.2.1.1 Tensile properties of the strips 
The extruded strips were left under room conditions for at least two weeks prior to the 
tensile testing. The samples were then left at the testing environment temperature for 24 
hours prior to testing in order to allow them to reach the environment temperature.  
Standard dumbbell shape tensile samples (as described in Section 4.2.8.2) were punch cut 
from the strips. For each screw speed from 5 to 9 samples were tested and the test was 
continued up to post yield elongation (80% strain). The Young’s modulus values were 
calculated and the average values of the results are plotted as a function of screw speed in 
Figure 4-30. 
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Figure 4-30: Young’s Modulus values of Rigidex5130 strips produced by CEP/USEP extrusion at 
different Screw Speeds. 
It can be seen from the results that the modulus shows a slight increase for USEP strips 
compared to CEP strips only for 8rpm and 12rpm. The modulus values for the rest of the 
screw speeds were similar for both CEP and USEP strips.  
Yield strength values were obtained from the stress strain curves of the samples. The 
average yield strength values for the samples processed at each individual screw speed 
were calculated and plotted against the screw speed as shown in Figure 4-31. In common 
with the E-modulus values, the yield stress measured for CEP and USEP samples were not 
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Figure 4-31: Yield strength at different Screw Speed for Rigidex5130 strips produced by CEP/USEP. 
The Young’s modulus from the tensile tests showed that the mechanical behaviour of the 
CEP and USEP samples at small strains are similar. Young’s modulus is a representation 
of the bonding forces between the polymer molecules and also the morphology of the 
polymer. From the values of Young’s modulus for the CEP and USEP samples, it can be 
concluded that the presence of ultrasonic vibrations has not affected the bonding forces 
between the molecules and chains.  
As illustrated in Figure 4-31, the application of ultrasonic vibrations did not change the 
material’s yield strength. It can be said therefore, that the measured mechanical properties 
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Figure 4-32: Stress vs. Strain for Rigidex5130 strips produced at 8rpm by CEP and USEP. 
 
Figure 4-33: Tensile samples of Rigidex5130 before (left) and after (right) test. 
 
The stress/strain data of the tensile tests were extracted and were used to generate an 
average curve for the tested samples using Origin Pro software. The average values were 
then fitted with a moving average trend line with the period of 5 to smooth the generated 
results. An average curve was generated for each screw speed individually for samples 
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shown in Figure 4-32 where it can be seen that the CEP and USEP samples showed quite 
similar behaviour to the applied stress. A small neck forms within the rectangular section 
of the test specimen at the yield point. After formation of the neck, the polymer chains get 
oriented and aligned parallel to the direction of the elongation. The orientation of the 
polymer chains leads to localized strengthening. The neck is an indication of the resistance 
to the deformation in this section and thus the elongation proceeds by the extension of the 
neck along the gauge length of the specimen. The failure of the specimen may only take 
place after the neck has fully extended along the gauge length. Similar curves were 
generated for the samples produced at other screw speeds and they are presented in 
Appendix C. Tensile test samples of Rigidex5130 before and after test are shown in Figure 
4-33.  
The same tensile test procedure to Rigidex5130 samples was carried out on PE80 strips. 
The tensile properties were determined for strips produced at the different screw speeds. 
 
Figure 4-34: Young’s Modulus values of PE80 strips produced by CEP/USEP at different Screw 
Speeds. 
Figure 4-34 shows the Young’s modulus of strips produced by CEP and USEP at the 
different screw speeds. These results suggest that the elastic properties and the 
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application of the ultrasonic vibrations or the effect was not measurable by the conducted 
tests.  
 
Figure 4-35: Yield strength at different Screw Speed for PE80 strips produced by CEP/USEP. 
The material’s response to an applied stress at large elongations can be investigated by the 
determination of the yield strength from the stress/strain curves. The yield strength values 
were obtained from the tensile results and plotted for the samples produced at the different 
screw speeds for the CEP and USEP. The yield strengths of the samples are shown in 
Figure 4-35. It can be seen that the samples produced by USEP are of a slightly higher 
strength compared to the samples produced by CEP. The difference in the yield strength 
values of the samples reduced by increasing the screw speed as a result of the lower 
residence time in the ultrasonic die. As it was discussed earlier for the production of the 
strips in Chapter 3, the effects caused by the ultrasonic waves are directly related to the 
residence time in the ultrasonic die. An increase of the throughput rate led to a decrease in 
the residence time in the ultrasonic die. A reduction in the residence time, therefore, 
reduced the effects of the ultrasonic vibrations. The residence time in the ultrasonic die 
varied in the range of ~30 seconds at the highest screw speeds up to ~97 seconds at the 
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Figure 4-36: Average stress vs. Strain for PE80 strips produced at 8rpm produced by the CEP and 
USEP. 
 
Figure 4-37: PE80 tensile samples before (left) and after (right) test. 
The stress strain values of several samples processed at each screw speed were used to 
generate an average curve for samples processed by CEP and USEP. The average stress 
strain curve for the PE80 samples produced at 8rpm by CEP USEP is shown in Figure 
4-36. The average stress strain curves for the samples produced at the other screw speeds 
were generated and presented in Appendix C. The tensile samples before and after the test 
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4.3.2.1.2 Tensile properties of the pipes 
The pipes were given at least 2 weeks before tensile testing. Standard dumbbell shape 
tensile samples (as described in 4.2.8.2) were punch cut from the pipes. The prepared 
samples were then left at the testing environment 24hr prior to the test to allow the samples 
to reach the environment temperature. In order to ensure the consistency of the samples all 
of them were cut from same section of the pipes (relative to the position of the feed 
channel in the sonic die block). For each screw speed 3 to 7 samples were tested and the 
test continued up to the post yield elongation up to 80% strain. 
 
Figure 4-38: Young’s Modulus values of PE80 pipes produced by CEP/USEP at different Screw 
Speeds. 
The Young’s modulus values for CEP and USEP samples of the PE80 pipes were obtained 
from the stress strain curves of the samples produced at different screw speeds. The 
calculated modulus values for CEP and USEP samples were then plotted against screw 
speed as shown in Figure 4-38. The modulus of the samples was around 750 MPa and it 
can be seen the presence of ultrasonic vibrations did not affect the tensile modulus of the 
pipes produced at the different screw speeds. Similar results were obtained from the PE80 
strips and this indicates that by application of the ultrasonic vibrations, the elastic 
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important role in small strains and consequently on modulus values of the samples 
remained unchanged. 
Figure 4-39 shows the yield strength of the CEP and USEP pipes. By considering the 
standard deviation of the measured values and a comparison of the yield strength of CEP 
and USEP pipes at different screw speeds, it can be said that the yield strength remains 
unchanged by application of ultrasonic vibrations. This suggests that application of 
ultrasonic vibrations during extrusion process did not have adverse effect on the 
mechanical properties of the products. 
Small changes to factors affecting tensile strength such as changes to molecular weight, 
chain conformation, degree of crystallinity could be the reason for the differences observed 
between CEP and USEP yield strengths as shown in Figure 4-39 these results needs to be 
confirmed by other characterization techniques such as DSC, DMA and rheological 
analysis.  
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Figure 4-40: Average stress vs. Strain for PE80 pipes produced at 12rpm produced by CEP and USEP. 
The average stress strain curve for the PE80 pipes were generated for pipes processed with 
and without presence of USVs at different screw speeds with the same method described in 
4.3.2.1.1. The average curve for pipe samples produced at 12rpm is shown in Figure 4-40 
and the rest of the average stress strain curves for pipes produced at the rest of the screw 
speeds are presented in Appendix C. 
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The values of Young’s modulus for the HYA600 pipes produced at the different screw 
speeds from 12 rpm to 20rpm for both the CEP and USEP extruded samples are shown in 
Figure 4-41. It can be seen from the modulus values plotted in Figure 4-41 that the 
modulus of the samples was the same for the CEP and the USEP. The HYA600 and the 
PE80 were commercial resin grades of HDPE and although they were possibly different in 
molecular weight (according to MFR values) both had a similar structure and composition. 
Therefore, in the light of the PE80 results, no significant difference with the application of 
ultrasonic vibrations was expected, and was observed, in the tensile properties.  
 
Figure 4-42: Yield strength at different Screw Speed for unfilled HYA600 pipes produced by 
CEP/USEP extrusion. 
The yield strengths of the HYA600 pipes were obtained from the stress strain curves and 
are shown in Figure 4-42 for CEP and USEP samples produced at the different screw 
speeds. The yield strength of the pipes remained unchanged by the application of the 
ultrasonic vibrations except for the pipes produced at 12rpm and 14rpm that showed a 
small difference between the CEP and USEP samples’ yield strength. The pipes produced 
at 16, 18 and 20rpm conventionally had a similar yield strength to that of pipes produced 
with the presence of ultrasonic vibrations. 
The small difference between yield strengths for the pipes produced at 12 and 14rpm can 
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related to changes to the conformation of the chains, crystalline structure or molecular 
weight of the polymer as a result of application of the ultrasonic vibration but as it can be 
seen the difference is not significant and measurable.  However, changes to 
abovementioned parameters could affect the tensile modulus of the pipes but as shown in 
Figure 4-41 the modulus of the conventionally processed pipes were similar to the pipes 
produced by ultrasonic vibrations. Therefore, it can be said that the change occurred by 
application of the ultrasonic vibrations are not visible in small strains (tensile modulus 
results) but they do have more influence on the mechanical behaviour of the pipes in larger 
strains (yield strength).   
 
Figure 4-43: Average stress vs. Strain for unfilled HYA600 pipes produced at 12rpm produced by CEP 
and USEP. 
The average stress strain curve of the pipes produced at 12rpm is shown in Figure 4-43. It 
can be seen that the tensile response of the CEP pipes are quite similar to that of USEP 
pipes. At small strains, where the Young’s modulus was calculated, the stress/strain curves 
for the CEP and USEP pipes coincide. However, a small difference was observed in the 
yield point for the pipes produced at 12 rpm and this difference was even smaller for pipes 
produced at 14 rpm. The tensile curves of the pipes produced at the rest of the screw 
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CEP and the USEP samples. The stress/strain curves for the pipes produced at the other 
screw speeds are presented in Appendix C. 
 
Figure 4-44: Young’s Modulus values of HYA600/20 pipes produced by CEP/USEP at different Screw 
Speeds. 
The tensile modulus of the HYA600/20 pipes were obtained from initial part of the 
stress/strain curves and are shown in Figure 4-44 for the pipes produced at screw speeds of 
12rpm to 20rpm. The measured modulus values for the HYA600/20 pipes as seen in Figure 
4-44 showed no difference between the USEP and CEP produced pipes. By comparing the 
tensile results for HYA600 and HYA600/20 pipes, it was shown that for both materials the 
presence of the ultrasonic vibrations did not have an effect on the modulus of the pipes. As 
expected, the addition of the filler to HYA600 increased the young’s modulus of the pipes 
when compared with HYA600.  
The comparison of the yield strength of the CEP and USEP pipes (shown in Figure 4-45) 
suggests that the application of the ultrasonic vibrations didn’t have an effect on the yield 
strength of HYA600/20 pipes. The yield strength of the pipes decreased by the addition of 
the calcium carbonate filler but the yield strength values remained unaffected by 
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Figure 4-45: Yield strength at different Screw Speed for HYA600/20 pipes produced by CEP/USEP. 
 
Figure 4-46: Average stress vs. Strain for HYA600/20 pipes produced at 12rpm produced by CEP and 
USEP. 
The average stress strain curves for the HYA600/20 pipes produced at 12rpm are shown in 
Figure 4-46. The addition of calcium carbonate to HYA600 did not seem to make a 
significant change to the effects of the ultrasound on the mechanical properties as they 
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The modulus of elasticity for the HYA600/40 pipes produced by CEP and USEP extrusion 
was calculated from the initial part of the tensile curves and plotted for different screw 
speeds as shown in Figure 4-47. It can be seen from Figure 4-47, the tensile modulus of the 
pipes remained unchanged by application of the ultrasonic vibrations. This result is similar 
to that of the HYA600 and HYA600/20 pipes.  A comparison of the modulus of the 
HYA600/40 with HYA600 and HYA600/20 pipes shows that the tensile modulus 
increased with an increase in the filler content. However, as it was mentioned earlier for 
HYA600/20 pipes, the presence of the filler did not have an influence on the effect of the 
ultrasonic vibrations on the young’s modulus of the pipes.  
 
Figure 4-47: Young’s Modulus values of HYA600/40 pipes produced by CEP/USEP at different Screw 
Speeds. 
Figure 4-48 shows the yield strength of both CEP and USEP HYA600/40 pipes produced 
at different screw speeds. As shown in Figure 4-48, the yield strength of the pipes has not 
been affected by the application of ultrasonic vibrations during extrusion. However, the 
yield strength of the pipes decreased with an increase of the filler content when compared 
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Figure 4-48: Yield strength at different Screw Speeds for HYA600/40 pipes produced by CEP/USEP. 
 
Figure 4-49: Average stress vs. Strain for HYA600/40 pipes produced at 12rpm produced by CEP and 
USEP. 
The average stress strain curves for the CEP and USEP HYA600/40 pipes are shown in 
Figure 4-49. The stress strain curves for the pipes produced at other screw speeds are 
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seen that pipes produced by both extrusion processes have an almost similar tensile 
behaviour. 
Tested samples from the pipes are shown in Figure 4-50. It can be seen that the PE80, 
HYA600 and HYA600/20 samples didn’t break in the testing strain range (up to 80%) 
whereas the HYA600/40 samples did break. As seen in Figure 4-50 the PE80 samples were 
in the drawing part of the stress strain curve. The HYA600 and HYA600/20 deformed past 
the yield point to form a neck that progressed unbroken to the end of the test (80% strain) 
The HYA600/40 samples, however, formed a neck after the yield point but failed before 
the 80% strain limit of the test  
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4.3.2.1.3 The effect of the filler on the mechanical properties 
In order to investigate the effect of ultrasonic vibrations in presence of fillers for HYA600 
and its composites, it was necessary to determine the effect of filler content on the tensile 
properties of the HYA600 extruded conventionally and compare it with tensile properties 
of them in presence of ultrasonic vibrations. 
The volume fraction of the calcium carbonate particles in the composites was determined 
using Equation 4-9. 
    4-10 
Where p and m denote particle and matrix respectively while Φ is the volume fraction, w is 
the weight fraction and ρ represents the density. 
Taking the density of the matrix (ρm) as 954 Kgm
-3 
and density of the calcium carbonate 
particles (ρp) as 2700 Kgm
-3
 gave the filler volume fractions of 0.08 and 0.19 for 20%wt 
and 40%wt filled HYA600 composites, respectively. 
The incorporation of particles into the polymers increases the Young’s modulus of the 
polymer. The composite modulus is controlled: particle size and particle size distribution, 
particle/matrix adhesion and particle loading.  
The particle size effect on the modulus of the composite systems is more significant when 
the particle size is smaller than a critical value. For bigger particles the size effect on the 
modulus becomes insignificant. The critical particle size depends on particle and matrix 
and also particle/matrix adhesion [129]. The strength of the composite increases with an 
increase of the surface area of the particles. This is the result of a better stress transfer 
between the matrix and the particles. For known filler content, smaller particles have the 
larger surface area and therefore the effect of particles is more significant compared to that 
of bigger particles.     
Young’s modulus is measured in small strains therefore particle matrix adhesion doesn’t 
have a significant effect on the modulus of the composites. However, adhesion between the 
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matrix and the particles play a critical role on the effect of the particles on the strength of 
the composites. The adhesion strength at the interface between the matrix and the particle 
controls the load transfer mechanism between them and subsequently affects the strength 
of the composite.  
An increase of the filler content increased the young’s modulus of the composite systems 
consistently. The effect of the particle loading on the strength of the composites is 
complicated as the particle size, shape and particle/matrix adhesion also have a critical role 
here. Because of the stress concentration on the filler surface, the strength of the composite 
is generally lower than that of the matrix and the yield strength decreases with increase in 
the particle loading [129, 130].  
 By the application of ultrasonic vibrations while processing it is a possibility that the high 
intensity ultrasonic vibrations lead to the breaking of the calcium carbonate particles and 
therefore modify the size of the particle and consequently tensile properties of the 
composites. It is important therefore, to compare the composites with a known amount of 
the filler processed at different screw speeds for both CEP and USEP methods which can 
help to understand the effect of ultrasonic vibrations on the tensile properties by 
modification of the fillers. 
The young’s modulus of a particulate filled polymer matrix composite is generally 
determined by the elastic properties of the particle and matrix components, the volume 
fraction of the particles and their aspect ratio. For spherical particles where the aspect ratio 
equals unity, the modulus of the composite will depend on the filler loading and size. The 
modulus of the fillers are usually higher than that of the polymers, therefore the modulus of 
a composite could be enhanced by the addition of the particles to the matrix. 
The mechanical properties, such as elastic modulus and tensile strength of the particulate 
filled composites are achievable by the number of empirical and semi-empirical equations. 
The modulus of particle filled polymer matrix composites can be predicted by the 
following equations. These equations are originally developed for fibre reinforced 
composites, where it assumed the simplest arrangement of the fibres either in series 
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(Reuss) or in parallel (Voigt). Assuming iso-strain and iso-stress conditions for these two 
cases the upper and lower bound can be predicted by following equations respectively, 
    4-11 
      4-12 
Where E is the elastic modulus, Φ is the particle volume fraction and subsequent c, m, and 
p represent composite, matrix and particle phases, respectively.  
These models are applicable to most particulate filled composites. In general, the modulus 
of the composites should fall between the lower and upper bound modulus values 
calculated by Equation 4-10 and 4-11 respectively, although it is possible for a composite 
system to disobey Voigt-Reuss bounds [131, 132].  
 
Figure 4-51: Elastic Modulus of HYA600 composites vs. particle volume fraction for pipes produced at 
12 rpm with and without presence of ultrasonic vibrations. 
Figure 4-51 shows the young’s modulus values determined for HYA600 and the HYA600 
composites against the particle volume fraction for both the CEP and USEP pipes 
produced at 12rpm. As it was expected the addition of calcium carbonate particles 
increased the modulus of the composites linearly with the filler volume fraction. The 
y = 95.907x + 884.44 
R² = 0.9157 
y = 95.95x + 883.69 
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tensile modulus of the composites produced at the other screw speeds were also plotted 
versus the particle volume fraction and these are presented in Appendix C. 
Taking the elastic modulus of the calcium carbonate particles (Ef) as 26GPa and by using 
Equation 4-10 and Equation 4-11 the lower and upper bounds of the modulus for the 
composites could be calculated. The calculated theoretical modulus (Reuss model) and the 
experimental results for both CEP and USEP pipes are shown in Figure 4-52. The 
experimental results of the elastic modulus obtained from the HYA600 composites 
violated the Voigt-Reuss bounds and it can be seen that for both CEP and USEP pipes they 
are smaller than predicted values by the Reuss model, which is the lower bound of the 
predicted values. The reason for the experimental data to fall outside of the theoretical 
prediction range could be as a result of the presence of particle agglomerations and thus a 
poor dispersion of the primary particles.  It can be said therefore, that the tensile response 
of the HYA600 composites was not according to Voigt-Reuss models and was not 
predicted by them. The results of the composites produced at other screw speeds were 
similar to that of composites produced at 12rpm and presented in Appendix C. 
 
Figure 4-52: Experimental and theoretical Young's modulus of the HYA600 composites produced at 
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In order to be able to determine the efficiency of the particles in the composite systems it 
was necessary to fit the experimental data to a theoretical/semi-empirical model. The 
modulus of the particulate filled composites could also be predicted by an approximate 
method, the modified rule of mixtures[133]: 
   4-13 
Where 0<χp<1 is the particle strengthening factor. Rearranging the Equation 4-12 gives the 
composite modulus as a function of fibre volume concentration (Equation 4-13) with a 
slope of (χpEp-Em).  
    4-14 
Using the slope of the Ec vs. Φp and having the Ep and Em, the particle strengthening factor 
(χp) could be calculated for the pipes produced at each screw speed. The calculated 
strengthening factors are plotted against extrusion screw speeds and are shown in Figure 
4-53.  By comparing the strengthening factors at different screw speeds for CEP pipes with 
USEP it is evident that ultrasonic vibrations did not have significant effect on the 
strengthening potential of the particles. For the composites produced by CEP and USEP 
the strengthening factor is around 0.04. 
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The yield strength of the particle filled composites plotted against particle loading and 
shown in Figure 4-54 for pipes produced at 12rpm with and without the ultrasonic 
vibrations. The plots of yield strength against particle volume fraction for HYA600 
composites extruded at 14, 16, 18 and 20rpm are presented in Appendix C. 
It can be seen that yield strength of the composites decreased in a linear manner with an 
increasing particle volume fraction. The experimental data could be fitted into a simple 
theoretical model that indicates a linear decrease of the composite with an increase in the 
particle loading.  
 
Figure 4-54: Yield Strength of the HYA600 composites vs. particle volume fraction for the pipes 
produced at 12 rpm with and without presence of ultrasonic vibrations. 
A very simple linear expression that can be used here is [134, 135]: 
      4-15 
Where σc and σm are yield strengths of composite and matrix respectively, Φp is the particle 
volume fraction. By rearranging this equation into the following form, it can be seen that 
the slope of the linear fitted trend line should be equal to the yield strength of the matrix. 
     4-16 
y = -43.186x + 22.637 
R² = 0.9986 
y = -42.496x + 22.394 
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However, as shown in Figure 4-54 the slope of the best linear equation fitted to the CEP 
data points have a slope of -43.186 which should have been -22.74 according to Equation 
4-15. This indicated that the rate of the strength reduction with an increase of the particle 
loading is bigger than the value predicted by Equation 4-14.  
As noted above, although yield strength of the composites showed a linear decrease by 
increasing particle loading but the slope of this linear decrease was bigger. For this reason 
a factor could be added to Equation 4-14 known as strength reduction factor (Sr). For an 
ideal match with equation 4-14 the strength reduction factor (Sr) will be equal to unity and 
for HYA600 composites it will be greater than 1. 
      4-17 
According to Equation 4-15 the slope of the linear fit to the experimental data will be equal 
to SrΦp, therefore the particle strengthening factor could be determined for the composites 
produced at different screw speeds and then compared for the CEP and USEP modes. 
 
Figure 4-55: Strength reduction factor vs. screw speed for CEP and USEP HYA600 Composites. 
The strength reduction factors for HYA60 composites were calculated and shown in Figure 
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extrusion screw speeds and there was no significant difference observed between the CEP 
and USEP pipes. 
4.3.2.2 Dynamic Mechanical Analysis  
Small rectangular bars were cut from the extruded strips to carry out DMA on them. The 
DMA tests were performed on a TA Instruments Q800 in the temperature range of -140°C 
to 80°C with a heating rate of 3°C/min. The DMA tests were carried out on the specimens 
in the single cantilever mode. Strain sweep tests were done on each sample prior to the 
multi frequency sweep to ensure that the tests were being carried out in the linear visco 
elastic region of the samples.  
The strain sweep test was carried out for amplitudes between 5µm to 20µm at 35°C on 
samples prepared from the strips produced at 8rpm using the conventional extrusion 
process. The resultant stress strain curve is shown in Figure 4-56. 
 
Figure 4-56: Strain vs. Stress (left axis) and the Amplitude vs. Stress curve (right axis) at 35°C for 
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The strain sweep results confirmed that the tests were in the linear visco elastic region if 
they were carried out with amplitudes between 5µm to 20µm. It was decided to carry out 
the multi frequency tests with the amplitude of 15µm at three different frequencies of 1, 5 
and 10 HZ. 
4.3.2.2.1 DMA results of the strips 
The results from the multi frequency tests were used for the determination of the Tgs of the 
samples and the 3 values obtained from the 3 different frequencies were then fitted to the 
Arrhenius equation to calculate the activation energy of the Tg for each sample. The DMA 
results for the samples produced at 8rpm are shown in Figure 4-57. These data were then 
used to determine the Tg of the samples (Tanδ peak used for Tg determination).  
 
Figure 4-57: DMA Results of Rigidex5130 strips produced at 8rpm by both USEP and CEP.  The solid 
line represents the CEP data and the dashed line is for the USEP samples.  For each set of data the 
curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
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 It can be seen from the storage modulus curves in Figure 4-57 that the difference between 
the CEP and USEP samples is noticeable at low temperatures but not at room temperature 
for all the tested frequencies. The DMA results for the rest of the screw speeds are 
presented in Appendix C. The obtained Tg values from the Tanδ peaks (Table 4-4) were 
then used to calculate Ea (activation energy of Tg) of the samples by constructing an 
Arrhenius plot for each sample and to use the slope of the linear fit for the determination of 
the activation energy for the molecular rearrangement that gave rise to the Tgs of the 
samples.  
 
Table 4-4: Tg values obtained from Tanδ peak from DMA tests at frequencies of 1, 5 and 10 Hz for 
Rigidex5130 strips produced at the different screw speeds. 
Screw Speed Frequency (Hz) CEP USEP 
8rpm 
1 -117.91 -116.32 
5 -112.76 -111.65 
10 -111.77 -110.47 
12rpm 
1 -115.02 -114.15 
5 -111.08 -110.23 
10 -110.13 -109.3 
16rpm 
1 -115.99 -114.16 
5 -111.84 -110.45 
10 -110.8 -109.27 
20rpm 
1 -115.49 -114.32 
5 -111.53 -110.26 
10 -109.89 -108.56 
24rpm 
1 -115.36 -114.15 
5 -111.81 -110.03 
10 -110.29 -109.45 
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Figure 4-58: The Arrhenius plot for the Tg of the Rigidex5130 strips produced at 8rpm by CEP and 
USEP measured at different frequencies. 
Plotting ln(f) as a function of 1/Tg gives a linear relationship (Figure 4-58) where the slope 
is –Ea/R. 
The obtained slopes from Figure 4-58 were the used to calculate Ea for each screw speed 
and processing method (CEP / USEP). The activation energies of Rigidex5130 with the 
regression coefficient for the linear fit are summarised in Table 4-5.  
Table 4-5: Tg activation energies and the regression coefficient of the linear fit obtained from the DMA 
tests for Rigidex5130 strips produced at the different screw speeds (Ea values are in KJ.mol
-1
). 












CEP 308.25 0.97 405.24 0.98 378.96 0.98 366.88 0.99 405.42 0.99 
USEP 336.28 0.98 412.45 0.98 418.09 0.99 362.46 0.99 409.8 0.96 
 
From the Tgs of the Rigidex5130 samples shown in Table 4-4, it can be seen that with the 
application of ultrasound the glass transition temperature of the product shows a slight 
increase (~1°C). The application of ultrasonic vibrations during extrusion not only 
increased the Tg but it can also be seen that the activation energy of the USEP samples was 
also increased except at 20rpm where it was slightly lower than for the CEP. The possible 
cause for the changes in the Tg and the activation energies could be a modification to the 
y = -8855.6x + 57.014 
R² = 0.977 
y = -9660.9x + 61.573 
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polymer chain and its molecular structure induced by the application of ultrasonic 
vibrations. The chain stiffness, chain interactions and chain length have a significant effect 
on the glass transition temperature. In previous literature [126], chain scission of HDPE 
and the formation of macroradicals as a result of application of USV’s have been reported. 
Scission of the polymer chains will increase the mobility and therefore decrease the Tg. On 
the other hand the macroradicals could end up on the main chain and cause cross linking 
between chains that could possibly cause an increase in the Tg. 
 
Figure 4-59: DMA Results of PE80 strips produced at 8rpm by both USEP and CEP.  The solid line 
represents the CEP sample data and the dashed line is for USEP samples while for each set of data the 
curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
The DMA multi frequency tests on the PE80 strips were carried out with the same 
conditions as for the Rigidex5130. The multi frequency result for the PE80 strips produced 
at 8 rpm (the curves for other screw speeds presented in Appendix C) is shown in Figure 
4-59. 
Chapter 4 - Results and Discussion 
158 
Table 4-6: Tg values obtained from Tan δ peak from DMA tests at frequencies of 1, 5 and 10 Hz for 
PE80 strips produced at the different screw speeds. 
 Frequency (Hz) CEP USEP 
8rpm 
1 -112.03 -111.03 
5 -109.36 -108.36 
10 -107.64 -106.99 
12rpm 
1 -113.68 -112.64 
5 -110.69 -109.67 
10 -109.72 -108.64 
16rpm 
1 -112.99 -111.86 
5 -109.34 -108.4 
10 -108.73 -107.73 
20rpm 
1 -111.26 -110.34 
5 -106.76 -106.16 
10 -104.74 -103.66 
24rpm 
1 -112.1 -111.98 
5 -107.33 -107.31 
10 -104.46 -104.72 
 
Table 4-7: Tg activation energies and the regression coefficient of the linear fit obtained from DMA 
tests for PE80 strips produced at the different screw speeds (Ea values are in KJ.mol
-1
). 












CEP 493.03 0.99 517.36 0.99 462.82 0.97 335.19 1 288.21 0.99 
USEP 538.14 0.99 521.33 0.99 488.78 0.97 334.81 0.99 302.40 0.99 
The glass transition temperatures extracted from the Tan δ curves for the strips processed 
at 12, 16, 20 and 24rpm are summarised in Table 4-6. It can be seen that, similar to 
Rigidex5130, the glass transition temperatures increased slight by the application of 
ultrasonic vibrations. The Tgs at the different frequencies were used to calculate activation 
energy for the glass transition. The calculated values of Ea for the PE80 strips are tabulated 
and shown in Table 4-7. The activation energy of the Tg increased by the presence of 
ultrasound during processing and was possibly due to the proposed theory of chain scission 
and cross linking that was discussed earlier in Chapter 3. 
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4.3.2.2.2 DMA results of the pipes 
The multi frequency DMA tests were carried out in the temperature range of -140°C to 
80°C with a heating rate of 3°C/min for both the CEP and USEP pipes. The results for the 
PE80 pipes produced at 12rpm with and without presence of ultrasound are shown in 
Figure 4-60 (the curves for other screw speeds are presented in Appendix C). 
 
Figure 4-60: DMA Results of PE80 pipes produced at 8rpm by both USEP and CEP. The solid lines 
represent the CEP data and the dashed lines are the USEP data. For each set of data the curves from 
top to bottom represent data acquired at 1Hz, 5Hz and 10Hz. 
It can be seen in Figure 4-60 that the USEP pipes had a slightly higher storage modulus 
compared to the CEP pipes at very low temperatures. However, the difference between 
CEP and USEP dynamic mechanical properties became negligible at room temperature. 
The Tan δ curves were used to extract the Tgs for the samples shown in Table 4-8. The Tgs 
were then used to construct the Arrhenius plot for each screw speed individually and to 
calculate the activation energy of the glass transition temperature. 
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Table 4-8: Tg values obtained from the Tan δ peak of the DMA tests at frequencies of 1, 5 and 10 Hz 
for the PE80 pipes. 
 Frequency (Hz) CEP USEP 
12rpm 
1 -107.24 -106.82 
5 -105.43 -104.76 
10 -101.92 -101.42 
14rpm 
1 -107.59 -107.23 
5 -105.82 -104.37 
10 -101.89 -101.39 
16rpm 
1 -107.92 -107.58 
5 -104.23 -103.85 
10 -101.26 -101.03 
18rpm 
1 -107.97 -107.41 
5 -104.64 -104.41 
10 -101.35 -101.12 
20rpm 
1 -107.89 -107.56 
5 -105.48 -105.44 
10 -101.45 -101.32 
The glass transition temperatures showed a slight increase by the application of ultrasound 
while processing. The increase of the Tgs are about 1°C or less with the maximum increase 
for the pipes produced at 12rpm which is the lowest screw speed and has the highest 
residence time in the ultrasonic die. 
Table 4-9: Tg activation energies and the regression coefficient of the linear fit obtained from DMA 
tests for PE80 pipes produced at the different screw speeds (Ea values are in KJ.mol
-1
). 












CEP 398.28 0.84 363.33 0.82 345.71 0.97 344.67 0.95 336.09 0.87 
USEP 404.82 0.88 390.94 0.94 353.10 0.98 361.91 0.94 340.27 0.84 
An increase in the activation energies was observed by the application of ultrasonic 
vibrations during extrusion (Table 4-9) which alongside with the increase in the glass 
transition temperature suggested the occurrence of chain scission and cross linking by the 
application of ultrasound. However, the observed changes are not significant and they 
might not have an effect on the mechanical and structural properties of the pipes. 
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DMA multi frequency tests under the same conditions were carried out on HYA600 
(Figure 4-61), 20% filled HYA600 and 40% filled HYA600 pipes and they are presented 
in Appendix C. The Tgs were determined (Table 4-10) for all the pipes that were produced 
with and without the presence of ultrasound at the screw speeds of 12rpm to 20rpm. It can 
be seen from the glass transition temperatures in Table 4-10 for the HYA600 pipes and the 
filled pipes, the glass transition temperature increased by around 1°C. The values at the 
different screw speeds cannot be compared with each other because of the different cooling 
rates and drawing rates in the die. 
 
Figure 4-61: DMA Results of HYA600 pipes produced at 8rpm by both USEP and CEP.  The solid line 
represents the CEP data and the dashed line the USEP samples while for each set of data the curves 
from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz. 
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Table 4-10: Tg values obtained from the Tanδ peak from DMA tests at frequencies of 1, 5 and 10 Hz 










CEP USEP CEP USEP CEP USEP 
12rpm 1 -108.23 -107.63 -108.23 -107.21 -108.84 -108.41 
 5 -103.6 -102.92 -104.32 -104.1 -105.41 -105.1 
 10 -101.26 -100.92 -102.71 -101.73 -103.13 -102.94 
14rpm 1 -107.41 -107.33 -108.17 -107.84 -108.35 -107.84 
 5 -103.47 -103.05 -105.71 -104.67 -104.34 -104.19 
 10 -101.29 -101.54 -101.45 -101.08 -103.77 -103.05 
16rpm 1 -107.04 -106.58 -107.72 -107.43 -108.34 -107.94 
 5 -103.49 -103.35 -104.85 -104.69 -104.21 -103.65 
 10 -101.43 -101.03 -102.93 -102.73 -101.83 -101.59 
18rpm 1 -107.33 -107.1 -107.49 -107.4 -108.36 -107.88 
 5 -103.39 -103.08 -104.95 -104.65 -103.86 -103.23 
 10 -101.06 -100.96 -102.75 -102.65 -101.34 -101.29 
20rpm 1 -107.1 -106.89 -107.43 -106.05 -108.39 -107.59 
 5 -103.95 -103.54 -104.5 -104.19 -104.14 -104.1 
 10 -100.46 -100.23 -101.4 -100.46 -102.04 -101.56 
 
The Tg values have been used to calculate the activation energy for each pipe grade and 
screw speed. The Ea values for the HYA600 pipes are shown in Table 4-11.  It can be seen 
that the activation energies increased slightly from the CEP to the USEP samples at the 
same screw speeds.   
The DMA results for the strips and pipes showed that by the application of ultrasound 
during extrusion, the glass transition temperatures increased by almost 1°C which is not 
significant and the activation energy of the Tg rose by ~12-19 Kj.mol
-1
 over the range of 
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screw speed as a result of sonication. According to previous studies, lower values of 
activation energy are an indication of homogenous polymer chains in terms of their 
structural regularity and/or composition [136-138].   
Table 4-11: Tg activation energies and the regression coefficient of the linear fit obtained from DMA 
tests for HYA600 pipes produced at the different screw speeds (Ea values are in KJ.mol
-1
). 
  12rpm 14rpm 16rpm 18rpm 20rpm 












CEP 327.83 0.99 376.49 0.99 413.63 0.99 368.80 0.99 338.90 0.94 
USEP 339.51 0.99 388.33 0.99 419.37 0.98 376.07 0.99 347.09 0.95 
HYA600 
/20 
CEP 406.36 0.99 320.06 0.87 477.30 0.98 481.58 0.95 377.78 0.94 
USEP 421.19 0.98 335.17 0.93 487.84 0.98 482.97 0.98 383.14 0.84 
HYA600 
/40 
CEP 397.17 0.98 451.33 0.96 351.22 0.99 326.30 0.99 357.55 0.99 
USEP 416.10 0.99 460.07 0.99 359.02 0.99 344.09 0.99 382.48 0.98 
 
4.3.3 Thermal Analysis 
4.3.3.1 Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry tests in a heat/cool cycle were done on samples taken from 
the PE strips and pipes. Samples sizes of ~10mg and standard aluminium pans and heating rate 
of 10°C/min and cooling rate of 5°C/min were used for the tests. 
4.3.3.1.1 DSC results of the strips 
The DSC heat flow/temperature curves (presented in Appendix C) were used for the 
determination of the melting temperature, crystallisation temperature, melting enthalpy and 
crystallisation enthalpy.  The results are shown in Table 4-12.  
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Tm (°C) Tc (°C) ΔHm (J/g) ΔHc (J/g) 









 8 130.23 130.07 120.27 120.18 169.7 170.4 202.2 205.8 
12 130.34 129.90 120.26 120.30 170.0 170.4 207.2 205.3 
16 130.00 129.60 120.26 120.39 171.6 171.9 210.2 208.9 
20 130.02 129.69 120.28 120.25 169.0 174.6 203.2 206.1 






8 128.95 128.64 117.86 118.01 168.1 168.9 177.4 178.8 
12 128.37 128.72 117.86 117.76 161.9 166.2 177.4 177.0 
16 128.75 128.25 117.73 118.14 164.0 166.9 175.9 181.0 
20 128.89 128.53 117.65 117.86 162.4 161.5 173.6 174.5 
24 128.62 128.43 117.74 117.91 163.0 159.7 173.5 174.5 
For the Rigidex5130 strips it can be seen from Table 4-12 that the melting temperatures 
and crystallisation temperatures remained unaffected by the presence of the ultrasound 
except for screw speeds of 20 and 24rpm where a noticeable difference in melting and 
crystallisation enthalpy can be seen. The melting enthalpy of the Rigidex5130 strips 
processed with USEP is higher than the CEP strips by 5.6 J/g and 2.6 J/g for 20 and 24 rpm 
respectively. This difference based on 293 J/g for 100% crystalline polyethylene [127] 
makes around 1.91% and 0.88% increase in degree of crystallinity which is not a 
significant change in degree of crystallinity and this change is possibly small enough to 
affect mechanical properties and  for that reason have not been detected in tensile tests.     
The thermal properties obtained from the DSC tests for PE80 were similar to that of 
Rigidex5130 and did not show any significant changes by the application of the ultrasonic 
vibrations during extrusion. Equal melting enthalpies for the CEP and USEP strips 
suggested that the degree of crystallinity of the products remained unaffected by the 
presence of the ultrasonic vibrations. There are differences between the melting enthalpy 
of the PE80 strips processed with USEP and CEP for the screw speeds of 8, 12 and 16rpm 
and the heat of fusion for USEP samples was higher than for the CEP samples.  For the rest 
of the screw speeds the USEP samples had lower melting enthalpy when compared to the 
CEP strips. The maximum difference between the USEP and CEP enthalpies of melting 
was 4.3 J/g for the strips produced at 12 rpm which was not significant when compared to 
Chapter 4 - Results and Discussion 
165 
the heat of melting for 100% crystallinity. A considerable change in crystallinity of the 
strips was not therefore observed by the application of the ultrasound. 
4.3.3.1.2  DSC results of the pipes 
The DSC tests were carried out on samples prepared from pipes with the same condition 
used for the strips. The heat flow/temperatures curves obtained from the tests (provided in 
Appendix C) were used for the determination of the melting and crystallisation temperature 
as well as the melting and crystallisation enthalpy of the pipe samples. The determined 
thermal properties of the pipes are summarised in Table 4-13. 





Tm (°C) Tc (°C) ΔHm (J/g) ΔHc (J/g) 






12 128.57 128.43 117.23 117.36 147.8 156.4 158.0 166.6 
14 128.68 127.96 116.84 117.52 158.3 164.9 167.7 174.1 
16 128.99 128.74 117.32 117.34 158.5 162.5 166.1 175.2 
18 128.64 127.94 117.16 117.35 162.4 163.6 170.4 173.1 








12 131.34 131.95 118.94 118.09 184.5 193.7 204.6 208.1 
14 131.48 131.44 118.59 118.66 185.1 191.7 201.1 200.8 
16 131.68 131.47 118.86 118.89 181.7 187.6 203.2 207.8 
18 132.07 131.85 118.72 118.84 181.3 184.2 201.5 205.3 









 12 129.28 130.53 120.06 119.58 139.2 141.4 156.2 156.5 
14 130.29 131.05 119.72 119.12 141.7 142.5 155.5 158.1 
16 130.57 130.60 119.68 119.70 143.8 145.4 158.2 161.7 
18 130.49 130.89 119.69 119.52 144.8 144.5 163.1 158.3 









 12 128.79 130.77 119.91 119.97 107.6 112.3 114.3 111.0 
14 128.61 128.51 119.96 120.01 108.8 112.1 120.5 118.0 
16 129.16 128.88 119.78 119.84 105.3 107.7 112.6 112.2 
18 128.20 128.30 120.01 119.92 104.4 103.6 114.0 108.6 
20 128.81 128.92 119.90 119.84 102.0 103.2 111.1 108.6 
While the melting and crystallisation temperatures of the PE80 pipes remain unaffected 
(Table 4-13) with the application of ultrasound, the melting and crystallisation enthalpy of 
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them both increased which suggests the application of ultrasound waves increased the 
degree of crystallinity. The most significant change to the melting and crystallisation 
enthalpy (5% increase) was observed for samples produced at 12rpm screw speed. This 
could be explained by the fact that the exposure time for them was higher than samples 
processed at 20 rpm which showed 0.5% decrease in melting enthalpy by the application of 
ultrasonic vibrations.  
The similar behaviour of thermal properties can be seen for the HYA600 samples and its 
filled compound pipes. The melting and crystallisation temperature for all the USEP pipe 
samples were similar (~0.6°C variation) compared to their respective CEP pipes while the 
melting enthalpies were higher by 9.2 J/g for the pipes produced at 12 rpm. The degree of 
crystallinity was therefore, slightly higher for USEP pipes. 
From the results obtained from the pipes it can be said that the ultrasonic waves did not 
affect the crystallinity of the polymer pipes significantly and the observed variations in the 
crystallinity from CEP to USEP could possibly cause by a variation in the cooling water 
temperature and the cooling rate of the pipes.  
4.3.4 Rheology  
Rotational rheology tests were carried out on test specimens obtained from strips and 
pipes. The disk shaped test specimen was placed on the lower plate of the rheometer and 
the test chamber temperature was set to 190°C. The samples were given adequate time to 
reach the test temperature. The gap between the plates then set to 1mm and any excess 
material was removed. 
4.3.4.1 Rheology results of the strips 
Dynamic storage modulus, loss modulus and complex viscosity of the samples were 
plotted against frequency for conventionally extruded strips and then compared with the 
ultrasonic assisted samples. 
The rheology results for the Rigidex5130 strips produced at 8rpm are shown in Figure 
4-62. 
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Figure 4-62: Dynamic shear storage modulus (G
'
), loss modulus (G
"
) and complex viscosity (η
*
) plotted 
against angular frequency for Rigidex5130 strips produced at 8 rpm. 
It can be seen from the rheology results shown in Figure 4-62, that the storage and loss 
moduli have not been affected by the presence of ultrasonic waves during the extrusion. 
The complex viscosity of the samples also showed no difference. A difference between 
CEP and USEP was observed for the storage/loss modulus at the angular frequencies lower 
than 1 rad/sec. This could be accounted for by possible instrumental errors. The difference 
between the storage/loss shear modulus of the CEP and USEP samples reduced to zero at 
higher angular frequencies.   
The rheology results from the samples produced at 12, 14, 16, 20 and 24rpm did not show 
any changes to the viscosity of the strips by the application of ultrasonic waves. 
Rheology tests were also carried out on samples obtained from PE80 strips. The shear 
storage modulus, loss modulus and complex viscosity were measured and plotted against 
the angular frequency as shown in Figure 4-63. 
Comparing the storage and loss modulus showed that the mechanical characteristics of the 
melt were not affected by the application of ultrasonic waves. The complex viscosity 
values for both samples produced at 8rpm did not show significant changes.      
Chapter 4 - Results and Discussion 
168 
.  
Figure 4-63: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 strips produced at 8 rpm. 
From comparing rheology results for both PE80 and Rigidex5130 it was found that 
presence of ultrasonic waves during extrusion did not affect the rheological properties of 
the extrudate. 
The rheology results of the Rigidex5130 and PE80 strips produced at 12, 16, 20 and 24 
rpm are presented in Appendix C. 
4.3.4.2 Rheology results of pipes 
Comparing the rheological properties obtained from the parallel plate rheology tests of 
PE80 pipes produced by conventional and ultrasonic assisted extrusion showed that 
application of ultrasonic waves on the polymer melt during extrusion did not affected the 




 and η*. Figure 4-64 shows the acquired 
rheological properties of the pipes produced at 12 rpm with and without ultrasonic waves.   
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Figure 4-64: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 pipes produced at 12 rpm with and without ultrasound. 
The viscosity and storage modulus of the melt are very sensitive to structural changes in 
the polymer. For the rheological properties obtained from the pipes, only a small difference 
was observed between the samples produced with and without application of ultrasonic 
waves.   
 
Figure 4-65: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600 pipes produced at 12 rpm with and without ultrasound. 
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The test conditions for the rheology tests conducted on samples obtained from HYA600 
pipes were similar to the experiments carried out on the PE80 pipes. Storage and loss 
modulus along with the complex viscosity were plotted against angular frequency. The 
results from the HYA600 pipes are shown in Figure 4-65. 
The results obtained from the rheology tests carried out on samples from HYA600/20 and 
HYA600/40 pipes were similar to the PE80 and HYA600 results and did not show any 




Figure 4-66: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600/20 pipes produced at 12 rpm with and without 
ultrasound. 
The rheology test results were used to investigate the effects of ultrasonic waves on the 
molecular chain structure of the polymer melt. The possible chain scission of the polymer 
melt could result in a lower viscosity. However, a comparable complex viscosity of the 
CEP and USEP extruded pipe samples suggested that the chain structure was not affected 
by the application of the ultrasonic vibrations. Figure 4-66 and Figure 4-67 show the 
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complex viscosity (η*), shear storage modulus (G’) and shear loss modulus (G”) plotted 
against the angular frequency of the test.  
The complex viscosity change by the application of ultrasonic waves on the extruded pipes 
of the base resin was negligible as shown in Figure 4-65. However, the viscosity results of 
the extruded HYA600 composites showed a small measurable decrease of the complex 
viscosity of the USEP pipes compared to the CEP pipes.  
 
Figure 4-67: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600/40 pipes produced at 12 rpm with and without 
ultrasound. 
The reduction of the complex viscosity of the CEP processed HYA600/20 and HYA600/40 
compared to the USEP pipes could be possibly as a result of a disentanglement of the 
polymer chains. A disentanglement of the chains could have been present in the HYA600 
samples, but any effect was too small to be measurable. In the composites, however, as the 
calcium carbonate content increased the resin amount decrease. The fraction of the 
disentangled chains to the total chains in the composite increased when compared to the 
resin. The increased fraction of the disentangled chains leads to a more noticeable effect. 
This could be also explained by the fact that presence of the filer increased the effect of 
ultrasonic vibrations by decreasing the chain relaxibility. Therefore ultrasonic vibrations 
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could have had more aggressive effect on the HYA600 composites when compared to their 
effect on the base resin.  
4.4 Conclusion 
By the introduction of ultrasound waves into the polymer melt during extrusion in an 
annular die, the processing behaviour and the materials’ properties have been affected. The 
effects of the application of ultrasound reported in this chapter are summarised below. 
4.4.1 Extrusion of the strips  
 The extruder barrel pressure for the processing of the strips and pipes decreased with 
the application of ultrasound. For the processing of strips the reduction in the barrel 
melt pressure for Rigidex5130 was the lowest, 6.3%, at 12rpm and the greatest, 9%, at 
16 rpm. The lowest and highest reductions for the barrel melt pressure by application 
of the ultrasound for the processing of the PE80 were 2.6% at 18 rpm and 6.1% at 
8rpm.  
 The reduction in the total power consumed for extrusion of the Rigidex5130 strips was 
between 4.9% (16rpm) and 9.5% (24rpm) as presented in Figure 4-11. The power 
consumption of the PE80 extrusion with the application of ultrasound reduced by 
4.2% at 8rpm while for strips produced at 24rpm the power consumed increased by 
1.4% from CEP to USEP.  
 The extrudate output rate remained unaffected by application of ultrasound for the 
processing of the strips. 
 The tensile properties (young’s modulus and yield strength) of the Rigidex5130 and 
PE80 strips were not affected by the application of ultrasonic vibrations during 
extrusion.   
 The DMA results showed that by the introduction of ultrasonic vibrations into the 
polymer melts in an annular die the storage and loss modulus did not change 
Chapter 4 - Conclusion 
173 
significantly at room temperature while a small difference was observed near the glass 
transition temperature. However, the Tg increased by approximately 1°C and the Tg 
activation energy calculated for the strips increased for both the Rigidex5130 and the 
PE80 strips when ultrasonic vibrations were present during extrusion. 
 The DSC tests showed that the melting and crystallisation temperature of the 
processed strips with and without ultrasound were equal and they were not affected by 
the application of ultrasonic vibrations except for Rigidex5130 strips processed at 20 
and 24rpm where a small difference was observed. The heat of fusion and 
crystallisation enthalpy were similar for CEP and USEP strips and therefore the degree 
of crystallinity was unaffected by the application of the ultrasonic waves. 
 Rheology results showed that the shear storage modulus, shear loss modulus and the 
complex viscosity of the strips was not affected by the application of ultrasonic 
vibrations during extrusion process.  
4.4.2 Extrusion of the pipes 
 For the processing of pipes the extruder barrel pressure and the die entrance pressure 
both reduced when processing with ultrasound. The reduction in the barrel melt 
pressure for the PE80 pipes was between 2.0% and 7.9%. The melt pressure for the 
unfilled HYA600 pipes decreased between 3.0% and 3.9% with the ultrasound. For 
the CaCO3 filled compounds of HYA 600, the effect of the ultrasound on the 
processing pressure increased with the increase in the weight percentage of the filler. 
For 20%wt filled HYA600, the pressure decreased by 4.3% and 4.9% for screw speeds 
of 18 rpm and 8 rpm respectively while this value was between 4.6% (at 18 rpm) and 
7% (at 20 rpm) for the 40%wt filled compound. 
 The power consumption for the processing of the PE80 pipes reduced by 5.9% (at 18 
rpm) to 12.8% (at 14 rpm). The power reduction in the processing of the HYA600 
pipes was however considerably higher. For the processing of the unfilled HYA600 
pipes the power consumption reduced by 12.4% (at 20 rpm) to 22% (at 18rpm) while 
the reduction percentage for the filled HYA600 compounds was between 20% (at 
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16rpm) and 27% (at 16rpm) for the 20%wt CaCO3 filled HYA600 and between 13% 
(at 14 rpm) and 19% (at 12 rpm) for the 40%wt filled HYA600. 
 The output rate of the extruder did not change by the application of the ultrasonic 
waves during the processing of the polyethylene pipes. 
 The Young’s modulus and the yield strength of the PE80, HYA600 and the 
composites pipes were not affected by the presence of the ultrasound.  
 The storage modulus of the ultrasound treated pipes showed a slight increase 
compared to the CEP pipes at temperatures near the glass transition. The glass 
transition temperature of the pipes increased by ~1°C for the USEP pipes compared to 
CEP pipes. The activation energy of the Tg for all the pipes increased with application 
of ultrasound when compared to CEP pipes. 
 The melting and crystallisation temperature of the pipes did not change by the 
application of the ultrasonic waves but the heat of fusion increased slightly (~5J/g) for 
all the USEP pipes compared to the CEP pipes at the same screw speed. 
 A comparison of the rheological properties (G’, G” and η*) of the pipes produced with 
and without presence of ultrasonic vibrations indicated that the application of the 
USVs did not have any effect on the viscosity of the melt. 
A comparison of the processing parameters for the CEP and USEP extruded strips 
indicated that by the application of ultrasonic vibrations during extrusion the barrel 
pressure and total power consumption was reduced. As discussed earlier in Section 4.3.1.1 
, a possible explanation for the reduction of the barrel pressure and the power consumption 
of the extrusion process was that the vibration of the ultrasonic horn in the parallel section, 
generated high frequency vibrations on the surface of the horn. These vibrations would be 
either transferred into the melt at the surface or reduce the friction between the melt and 
the ultrasonic horn.  For the first assumption the temperature of the melt will increase 
locally and therefore lead to lower viscosities of the polymer melt in the boundary layer 
between the horn and the melt flow. If the second assumption was true, by assuming an 
equal wall resistance of the die walls in both sides of the die, sliding of the melt over the 
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surface of the horn theoretically reduces the resistance of the one side of the die wall and 
should reduce the back pressure caused by die wall resistance. There is a difference in the 
performance of the ultrasonic horn in the conical and parallel section. The positions of 
nodes and anti-nodes should be considered when comparing the conical and parallel 
section of the horn. The intensity of the ultrasonic vibrations was defined by the position of 
nodes/anti-nodes in the sonotrode.  
The conical section of the horn applies compressive/shear high frequency vibrations into 
the polymer melt and could possibly cause chain breaking and the formation of the macro 
radicals.  
The tensile properties of the strips and pipes were unaffected by the application of 
ultrasonic vibrations suggesting that the crystalline and amorphous structure of the 
polymer remained unaltered. The DMA results also supported the fact that mechanical 
properties of the strips and pipes were not affected by the ultrasonic vibrations. 
The results obtained from the HYA600 composites and comparing them with the matrix 
resin indicated that the addition of the filler into the polymer matrix did not change the 
effect of ultrasonic vibrations on the processing parameters. The presence of the fillers 
could enhance the transfer of the USVs and therefore influence of them on the properties 
and the processing parameters of the composites.  
There was a possibility of some chain breakage, the formation of macro radicals and 
consequently cross linking of the polymer chains by the application of ultrasonic 
vibrations. This was believed to be as result of the stress build up in polymer which was 
generated by high frequency vibrations that had a smaller period than relaxation time of the 
polyethylene. However, the mechanical and rheological results along with thermal 
properties obtained from DSC tests dismissed the occurrence of any modification to the 
polymer structure and indicated that the structure of the polymers remained intact by 
application of USVs.  
From the results reported in this chapter, it can be concluded that the processing 
parameters were affected in a similar way to that shown in Chapter 3 with G1 ultrasonic 
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horn for lower output rates. It was concluded that the extrusion process benefited from the 
presence of ultrasound by the reduction in the total power consumption without negatively 
affecting the product properties. Although the current arrangement was successful in 
proving the potential for the application of ultrasonics in the plastic industry, the efficiency 
of the horn could be improved to further maximize the effect and benefits of ultrasound. 
This was achieved by redesigning of the ultrasonic horn (G3 horn) to increase the polymer 
melt exposure to the compressive waves which proved to be more penetrative and effective 
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Chapter 5                                        
Industrial Scale In-line Ultrasonic 




The effects of ultrasonic vibrations on polyethylene melts during lab scale (25mm) and 
pilot scale (50mm) extrusion was investigated. It was found that the application of the 
ultrasonic vibrations reduced the extruder barrel pressure and the total power consumption 
without affecting the mechanical, thermal and rheological properties of the final products 
(strips and pipes). In order to determine the benefits from the ultrasonic vibrations in the 
extrusion of polyolefins in the plastic industry it was essential to study the effect of 
ultrasonics for higher melt throughputs. 
By increasing the throughput rates of the polymer melt the residence time in the ultrasonic 
die will decrease and therefore, to achieve similar results to smaller extruders with an 
industrial scale extruder it was necessary to modify the design of the ultrasonic horn. The 
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new design and the third generation ultrasonic horn, G3 horn, used in this project was 
designed to be able to deliver longer exposure times for the melt to the US energy than the 
previous designs and thus would be better able to accomplish similar effects with the 
higher melt throughput rates than the previous horn designs.  
This part of the study focuses on design of the G3 ultrasonic horn and the ultrasonic die, 
the installation and troubleshooting of the ultrasonic die, the design of the adapter for 
connecting a 90mm extruder to the ultrasonic die and the extrusion trials with and without 
presence of ultrasonic waves.  
5.2 Experimental  
5.2.1 Materials 
A commercial pipe extrusion grade of polyethylene (PE80) that was supplied by Polypipe 
Terrain (manufactured by BOREALIS) with the melt flow rate of 0.33 g/10min under a 
load of 5.0Kg at 190°C was used both for all of the extrusion trials. 
5.2.2 Design of 3rd generation ultrasonic horn and housing block 
The G3 horn was designed as an upgrade of the second generation ultrasonic horn (G2 
horn) by using a similar shape but extending the horn length. This was done in order to 
increase the residence time of the polymer melt in the ultrasonic die and also to introduce 
the corrugation to the surface of the cylindrical section of the horn to benefit from the 
effects of compressive ultrasonic waves.  
The main changes to the ultrasonic horn were the extension of the cylindrical section and 
the introduction of a corrugation to the surface. As a result of these changes, the 
dimensions of other sections of the horn had to be modified to allow the horn to resonate at 
the natural frequency of the US system.  
Chapter 5 - Experimental 
189 
 
Figure 5-1: Different sections of third generation ultrasonic horn [1]. 
The FEA analysis on the proposed design of the ultrasonic horn was carried out by 
Telsonic. The length of the end section which was a cylindrical section with diameter of 
65mm, adjusted to 15mm according to the FEA.  
The flange of the ultrasonic horn which was the only contact point of the ultrasonic horn 
with the die body was 4mm thick in the previous design. By extending the cylindrical 
section of the horn, the applied shear force by the polymer melt on the horn increased. The 
flange section was the only part of the horn that held the horn in place and had to be able to 
endure the load applied to it. Thus it was recommended by the Polypipe engineering team 
to increase the thickness of the flange section to 8mm to strengthen this part to make it 
more robust than the previous design.  
The dimensions of the conical section of the ultrasonic horn remained unchanged from the 
G2 horn to the G3 horn.    
The total length of the cylindrical section was increased to 221mm and consisted of a 
corrugated section with a straight cylindrical section at the end of the horn (shown in 
Figure 5-1).  The straight cylindrical section was 15mm long and was added to the end of 
the horn to allow the melt flow to get into a laminar flow form and to loose any turbulent 
flow effects created by the corrugated section of the horn.  
The idea behind the introduction of the corrugated surface to the horn was to increase the 
exposure of the polymer melt to a compressive component of the ultrasonic vibrations.  
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Figure 5-2: Schematic diagram of the corrugated section of the ultrasonic horn showing the expected 
flow pattern of the polymer melt. 
Figure 5-2 illustrates the expected flow pattern of the polymer melt through the corrugated 
section of the horn. As the melt flowed over the peaks it was exposed to shear waves 
parallel to the flow direction when it flowed into the valleys the melt encountered a 
compressive component of the ultrasonic vibrations perpendicular to the flow direction. 
Thus the effect of this design was to intermittently expose the polymer melt to compressive 
waves along the length of the horn, in particular at the antinode sections. This arrangement 
was intended to gain the benefits from the compressive waves while the melt was 
progressing along the length of the ultrasonic horn. The FEA was used to dimension the 
horn and this was carried out by Telsonic on the horn design and the result is shown in 
Figure 5-3.  
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Figure 5-3: FEA modelling results of the ultrasonic horn showing displacement profile at different 
parts of the horn. 
Figure 5-3 shows the displacement profile across the G3 horn. By assuming an axis along 
the ultrasonic horn with its positive direction toward the bottom of the horn, at the top of 
the ultrasonic horn the displacements are in the negative direction (shown with dark blue). 
The absolute value of the displacement decreases as it moves toward the node at the flange 
section and becomes almost zero at the node. Then it increases to reach the maximum 
positive displacement. The same pattern was repeated between the two nodes on the 
corrugated section of the horn. The FEA result presented in Figure 5-3 shows that the G3 
horn had maximum vibration amplitude in negative direction at the top of the horn where it 
joined the booster. The length of the horn was adjusted to allow a maximum vibration 
amplitude at the end of the horn which is in agreement with the design basis of ultrasonic 
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The housing block for the 3
rd
 generation ultrasonic horn consisted of 6 individual parts that 
were bolted together to hold the horn in place and allow the flow of the polymer melt over 
the horn. The ultrasonic housing block consisted of a top block, mid block with the ring 
gate, bottom block, the inner sleeve and the steering plate. 
The Top block together with the midblock, were used to clamp the ultrasonic horn in the 
ultrasonic housing block. The ring gate design was based on the same principles used for 
designing the ring gate of the second generation ultrasonic housing block. The feed hole 
and clearance between the gate and the ultrasonic horn both were larger than the previous 
design to allow for greater throughputs.  
 
Figure 5-4: Ring gate design of the third generation ultrasonic housing block [2, 3] with a split line in 
the middle to allow installation of the horn. 
The pressure at the opposite side of the feed hole in the ring gate was much lower than the 
feed side, therefore the polymer melt flows faster in the feed hole side when compared to 
opposite side. The clearance at the opposite side of the feed hole was restricted in the 
current design (shown in Figure 5-4) in order to avoid a dead spot in the melt flow and 
direct the melt to the conical section of the die and to consequently generate a uniform 
flow of the melt over the ultrasonic horn.  
The other feature of the current design that differed from the previous design was the 
assembly of the bottom block. The bottom block consisted of three individual parts and 
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those were; the main body, the inner sleeve and the steering plate. The inner sleeve was 
designed in order to allow further modifications to the melt flow channel thickness in the 
corrugated section of the ultrasonic die. The clearance between the sleeve and the 
ultrasonic horn was 3mm for this setup and it could be reduced or increased for later trials 
by simply changing the sleeve. The inner sleeve was secured in the main body of the 
bottom block by 6 bolts. The inner sleeve and the main body featured a pressure transducer 
hole to enable a measurement of the melt pressure before the die exit.  
 
Figure 5-5: Steering plate installed on the 3
rd
 generation ultrasonic setup showing the steering plate, 
clamping ring and the ultrasonic horn. The exit wall thickness of the pipe can be adjusted by 4 bolts 
placed on the steering plate. 
One of the challenges in pipe manufacturing using the second generation ultrasonic die 
was to achieve a uniform thickness of the pipe wall. Although ultrasonic horn was used as 
a mandrel similar to conventional pipe dies, centring of the mandrel by using spider legs 
was not possible because of high frequency vibration of the ultrasonic horn. To overcome 
this problem a steering plate was designed and added to the end of the ultrasonic die. The 
steering plate could be moved by four bolts which were placed in an angle of 90° to each 
other. The installed steering plate on the ultrasonic die is illustrated in Figure 5-5.  
An adapter was also designed to allow the fitting of the G3 die to the 50mm extruder to 
carry out initial proving trials prior to running it on a pipe extrusion line at Polypipe using 
a 90mm extruder. 
Clamping Ring Steering Plate 
Ultrasonic 
Horn 
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Figure 5-6: The details of the adapter connecting the 50mm extruder to the G3 die. 
 
Figure 5-7: Ultrasonic Die with cartridge heaters installed on the mid block and bottom block, the 
three heating zones are showed in the picture. 
The ultrasonic die was divided into three heating zones. The position of the two heating 
zones in the 1
st
 half and the 2
nd
 half of the bottom block are shown in Figure 5-7. The 
drawings and the installation pictures of the G3 ultrasonic horn and the housing block are 








3 2 1 
Chapter 5 - Experimental 
195 
5.2.3 Pipe extrusion of polyethylene by single screw extruder 
The single screw extruder described in Section 4.2.3 was used for initial extrusion trials 
with the third generation ultrasonic die.  
The industrial scale pipe extrusion was carried out using a 90mm Battenfeld 
Extrusionstechnik single screw extruder.  
Unlike conventional pipe extrusion lines, the ultrasonic die had a cross head configuration. 
This did not allow the extruder, die and the vacuum/sizing bath to be aligned in a straight 
line. To solve this issue an adapter was required to take the polymer melt from the extruder 
to feed the ultrasonic die from the side. The adapter also needed to be kept at the 
processing temperature to avoid solidification of the melt inside the adapter.  
The bypass/adapter consisted of “L” shaped halves, with the split line along the melt flow 
channel. The melt flow channel was a circular channel with diameter of 50mm that was 
reduced to 25mm diameter when entering the ultrasonic die. The gradual decrease of the 
melt flow channel diameter from 90mm at extruder to 50mm at the bypass entrance and 
25mm at the ultrasonic die entrance ensured that there was no large single decrease in the 
flow channel cross sectional area. The pictures of the bypass are illustrated in Figure 5-8 
where the construction of the different parts of the bypass can be seen. 
 
Figure 5-8: Bypass made to connect the 90mm extruder to the G3 ultrasonic die, showing the halves of 
the bypass (a) and the “L” shape of the by pass (b). 
(a) (b) 
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The pipe extrudate was pulled from the die to a vacuum sizing die and cooling bath for 
calibration and forming of the pipe section. The vacuum/sizing bath consisted of two 
sections each ~1.5m long. After leaving the vacuum bath the pipe entered a cooling bath 
where water was sprayed onto the pipe to cool it to room temperature.  
At the end of the manufacturing line a padded haul off was used to pull the extrudate 
through the vacuum and cooling bath. The produced pipe was then cut into 3m long pipes. 
5.2.4 Ultrasonic generator 
A TELSONIC SG-22 power supply was employed for ultrasonic assisted pipe extrusion 
process. The generator is described in more detail in section 4.2.7. 
5.3 Results and discussion 
5.3.1 Extrusion Processing 
The initial pipe extrusion of PE80 with the G3 die was carried out using 50mm Betol 
Extruder. The processing temperatures for the pipe extrusion of PE80 with the 50mm 
extruder in the laboratory and the 90mm extruder at Polypipe are summarised in Table 5-1. 













200 200 200 200 200 200 200 200 200 200 200 
The pipe extrusion process of PE80 with the 50mm Betol extruder was carried out as 
mentioned earlier in Section 4.3.1.2. Conventional pipe extrusion was carried out prior to 
the ultrasonic assisted extrusion process.  
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The ultrasonic assisted extrusion of PE80 using G3 horn was not successful and the 
ultrasonic generator was indicating that the horn was not vibrating at 20 KHz with the 
system showing an overload. The generator was thus not able to overcome the external 
forces (clamping and polymer melt) trying to prevent it from vibrating at the required 
frequency and amplitude. 
The die was dismantled and the horn sent back to Telsonic for retuning and checking for 
any possible defects. The FEA modelling of the horn showed that the horn was functioning 
properly at room temperature.  
The horn was then clamped in the ultrasonic die and tested at room temperature. The horn 
was functioning properly and continuously with no imperfection. The ultrasonic die was 
then heated to the processing temperature ~200°C and the horn tested again without the 
presence of material in the die.  
The experiments with the ultrasonic horn at 200°C showed that the frequency indicator
1
 on 
the ultrasonic generator moved downward by increasing of the temperature. The movement 
of the frequency indicator is related to the deviation from the set/designed frequency of the 
horn.  
The horn was designed from a material with known Young’s modulus and density at room 
temperature. It was tuned to be able to deliver a standing wave with amplitude of 18µm at 
the anti-node and frequency of 20 KHz. The increase in temperature, however, appeared to 
have a significant effect on US properties of the titanium [4, 5] and consequently on the 
performance of the horn. The effects from the temperature rise were significant enough to 
cause overloading of the generator resulting in the power being shut off.  
                                                 
1
 Frequency indicator was an LED display which shows the deviation from the set frequency and the limits 
are -0.5 to 0.5 where the midpoint (Ref=0) shows that the horn vibrates at required frequency. 
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Figure 5-9: Temperature dependency of  Young’s modulus of titanium alloy [5] (left), change of the 
stress strain behaviour of the TI6AL4V alloy used for the sonotrode [4] (right). 
 
Figure 5-10: Frequency deviation from set value against temperature. 
An explanation of this effect must have originated from the change of the physical 
properties of the titanium from room temperature to the die processing temperature. It can 
be seen from Figure 5-9 that the tensile modulus of the TI6AL4V alloy drops significantly 
by increasing of the temperature from room temperature to 150°C and these changes will 
affect the wave pattern and performance of the sonotrode consequently. 
In order to determine the effect of temperature on the performance of the ultrasonic horn, it 
was heated and the performance (using the frequency indicator) was measured.  
y = -0.007x + 0.2794 
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Figure 5-11: Ultrasonic generator when the sonotrode operates at 200°C. 
The temperature of the horn was monitored by the attachment of the small plate 
thermocouple at the end of the ultrasonic horn. The Ultrasonic horn was then tested at 
different temperatures and the deviation from the reference frequency was measured and 
plotted against temperature. The obtained results from these experiments proved that 
ultrasonic horn’s performance was in fact very temperature sensitive. It can be seen from 
the data presented in Figure 5-10 that the frequency of the sonotrode shifted away from the 
reference frequency in negative direction by increasing of the temperature. The maximum 
allowance for this deviation was -0.5. Greater deviations will cause the generator to 
overload and initiate a safety cut out. Figure 5-11 shows the ultrasonic generator control 
panel, where it can be seen that the sonotrode is operating with deviation of -0.5 from the 
reference frequency and the generator is overloaded. 
The deviations were actually caused by a change in the natural frequency of the horn and, 
therefore, a movement of the nodal points. Nodal points had major role in the designing of 
the ultrasonic horn as one of the nodal points was used for clamping of the sonotrode. 
Movement of the nodal point that was used for clamping led to the vibration of the 
clamping flange. This consequently resulted in the vibration of the ultrasonic die itself and 
thus drew a great amount of power from the generator tat lead to the overloading of the 
generator.    
Frequency deviation Power consumption 
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The present ultrasonic horn reached the operating limit of -0.5 at 112°C which was well 
below the required processing temperature. This indicated that the reason for overloading 
of the ultrasonic system was a temperature shift of the natural frequency of the ultrasonic 
horn. It was also observed that by dispersing fine sand granules on the ultrasonic die block 
they vibrated when the ultrasonic horn was operating, this indicated that the ultrasonic horn 
was using power to vibrate the ultrasonic block in addition to delivering ultrasonic waves 
to the polymer melt. 
In order to resolve the problem it was necessary to compensate for this negative deviation 
in the natural frequency of the horn. An FEA of the horn was carried out using the Ti alloy 
properties at 200°C. Based on these results Telsonic advised that reducing the mass of the 
ultrasonic horn will positively shift the frequency so it will be able to compensate for the 
negative deviations of the temperature rise. The transducer end of the ultrasonic horn had 
to be kept at the designed dimensions therefore it was recommended to grind the other end 
of the sonotrode and test the horn at room temperature until it shows reasonably positive 
deviation from the reference frequency at room temperature so by temperature rise the 
deviation drops down to the reference point. 
Machining of the sonotrode in the scale of millimetres (the final dimensional change was 
about 15-20 mm) shifted the deviation 0.4 divisions from the reference when operating at 
room temperature and this was achieved by several trials. The sonotrode was then heated 
to the processing temperature and tested with continuous sonication. After the 
abovementioned modifications to the ultrasonic horn it functioned continuously close to 
the reference frequency and continuously. It was then decided to install the ultrasonic die 
on the 90mm extruder for pipe extrusion trials. 
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Figure 5-12: Ultrasonic die installed on 90mm extruder using the bypass. 
The manufactured bypass with the ultrasonic die installed on the 90mm extruder is shown 
in Figure 5-12.  
During continuous extrusion at 10rpm screw speed, it was observed that polymer melt was 
leaking from the join between the top and bottom halves of the bypass manifold (shown in 
Figure 5-13). The reason for this was the high pressure in the bypass section (~2000 Psi) 
that was generated by the resistance caused by the ultrasonic die. It was decided to carry on 
with the extrusion trials with current setting as dismantling of the bypass and solving the 
leakage problem was not feasible at the time and the leakage did not have any effect on 





Chapter 5 - Results and discussion 
202 
 
Figure 5-13: Leaking of the polymer melt from the bypass manifold. 
 The melt flow rate of the extruder was measured for three different screw speeds and the 
results are shown in Figure 5-14. The obtained results for the output rate of the extruder at 
three different screw speeds showed that the output rate is a linear function of screw speed 
as it was expected. 
 
Figure 5-14: Melt flow rate vs. screw speed for extrusion of PE80 using 90mm extruder. 
Pipe extrusion of PE80 with the ultrasonic die when the ultrasonic generator was not 
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It was observed that the melt was flowing faster in the feed side of the ultrasonic die 
compared to the opposite side of the die.  
The pipe pulling speed was uniform all around the circumference of the die but one side of 
the extrudate was flowing faster (melt exiting from the feed side of the die) than the other. 
As a result of this non uniform melt flow, the wall thickness of the pipe around its 
circumference was not uniform. In order to show that the melt flow and consequently the 
draw down ratio were not equal around the circumference of the pipe a straight line was 
drawn on the extrudate when leaving the die. For an equal pulling speed and draw down 
ratio the line should have remained straight on the pipe, however as it can be seen in Figure 
5-15 the flow was faster in some areas compared to the others and this changed the straight 
line drawn on the extrudate to a “V” shape on the pipe (shown in Figure 5-15). 
 
Figure 5-15: Non uniform flow of the molten polymer from the die (left) and uneven draw down of the 
polymer melt as a result of unequal flow of the melt. 
The ultrasonic assisted extrusion was not successful as the ultrasonic horn was functioning 
at maximum power and then overloaded. This caused the ultrasonic generator to stop 
functioning continuously and start pulsing with overload light on. Although the sonotrode 
was functioning properly at Brunel when installed on the 50mm extruder, it was not able to 
operate normally using 90mm extruder. A possible explanation for this could have been the 
increasing of power drawn from the ultrasonic generator as a result of greater flow rates 
from the 90mm extruder than were generated by the 50mm extruder at Brunel.  The rest of 
the processing parameters were similar to that of the trails carried out at Brunel. 
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5.4 Conclusion 
From the experiments carried out in this section of the work it was learnt that the 
performance of the ultrasonic could be affected significantly by temperature rise. The 
problem could have been present at the previous generation of the sonotrode but, because 
of the smaller sizes of them, the effect was not as obvious as it was for the G3 sonotrode. 
The modelling and simulation of the ultrasonic horn was carried out at elevated 
temperatures (200°C) in order to allow the effective operation of the ultrasonic horn with 
the current setup. For most current applications of an ultrasonic horn they are not required 
to operate at elevated temperatures and thus the effects of temperature on the functioning 
of a horn had not been previously encountered by Telsonic. 
Suggested future work to solve the current problems and for the improvement of the 
performance of the sonotrode are as follows: 
 Modelling of the ultrasonic horn at processing temperature.  
 Find an alternative method for securing the ultrasonic horn in the die instead of 
clamping. Reduction of the of the contact area between the horn and die body helps to 
avoid transferring of the vibrations from the horn to the die body. The new design 
should be able to secure the horn in the die body with minimum contact area and 
sufficient applied force on the shut off surfaces to avoid leakage. This can be achieved 
with the use of metal O-rings to hold the ultrasonic die in place with minimum contact 
area. 
 Redesign of the feed ring to enable better distribution of the melt around the ultrasonic 
horn. A bigger cross sectional area for the feed ring and a gradual increase in the 
clearance between the horn and the die body around the circumference of the feed 
ring. The gap could be smallest in the feed side of the feed ring where the pressure is 
the highest and the widest opposite the feed side where the melt pressure is the lowest 
compared to the other areas of the feed ring. The feed ring also can be redesigned in a 
way to have a split entering from the opposing sides of the die. The split feed could 
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enhance the melt distribution in the feed ring and allows a more uniform melt flow 
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Conclusion and future work 
 
 
6.1 Ultrasonic effects on extrusion 
The application of ultrasonic vibrations to the polymer melts was studied in three stages, as 
follows:  
I. The ultrasonic waves were applied to a static polymer melt and the temperature 
change of the melt was measured beneath the ultrasonic horn. The results indicated 
that the effective penetration depth of the US waves in the polymer melt was less 
than 4 mm. Consequently therefore 2 mm thick flow channel around the horn was 
incorporated into the design of the first and second generation ultrasonic dies.  
II. The effects of the ultrasonic vibrations were investigated for extrusion of two 
different grades of polyethylene in a relatively small extruder (25mm). With the 
application of the ultrasound waves the following effects were recorded. 
 The melt temperature increased at the die exit. 
 The die pressure and the barrel pressure decreased. 
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 The power consumption of the extrusion process reduced. 
The tensile properties of the extruded samples were measured and they were similar for 
the CEP and the USEP samples. This was confirmed by comparable storage modulus 
values from DMA tests of the samples. The DMA results showed that by the 
application of the ultrasound the glass transition temperature of the polymer and the Tg 
activation energy of the samples increased from CEP to USEP (Section 3.3.3). The 
thermal properties such as Tm, Tc, ΔHm and ΔHc remained unchanged by introduction 
of ultrasound into the polymer melt during extrusion. 
III. The effects of ultrasonic waves were studied for a greater flow rates than that used 
in the initial study. Two commercial grades of polyethylene were used for extrusion 
of the strips extrusion and four materials were used for the pipe while the number 
of the materials used for pipe extrusion was four. The results showed that for 
extrusion of the strips and pipes the application of ultrasonic waves to the polymer 
melt had the following effects: 
 The barrel pressure and die entrance pressure reduced. 
 The power consumption for the extrusion process reduced. 
The effects of ultrasonic vibrations was variable with the material used and the 
processing screw speed, the values of effects for the strips and pipes are 
summarised in Section 4.4.1 and 4.4.2 respectively.  
The tensile test results and the DMA results showed that these properties remained 
unchanged by application of ultrasound. The Tg measured by DMA tests increased 
~1°C with the application of ultrasonic waves. Thermal and rheological properties 
of the extruded strips/pipes were not affected by the application of ultrasonic 
vibrations or the effects were too small to be measurable.  
IV. Ultrasonic vibrations were applied onto the polyethylene melt in an industrial scale 
extruder (90mm). Commercial pipe grade polyethylene was used to carry out 
extrusion trials. The extrusion trials in presence of the ultrasonic vibrations were 
not successful. It was concluded that the ultrasonic vibrations propagation and 
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characteristics at elevated temperatures changed and consequently the ultrasonic 
generator and the ultrasonic horn was not functioning properly. In order to resolve 
this problem, the FEA analysis of the G3 horn was carried out using the mechanical 
properties of the horn material at 200°C and used to modify the ultrasonic horn 
which did not solve the problem. It came to conclusion that to improve the 
performance of the ultrasonic horn/die the sonotrode should be designed according 
to its operating temperature. The feed section of the ultrasonic die also needs to be 
redesigned to allow a better and uniform flow of the melt around the ultrasonic 
horn. 
Generally it can be said that by the application of ultrasonic vibrations into the polymer 
melt at the die zone; the processing pressures, power consumption could be lowered 
without negative effect on the products mechanical or thermal properties. The effects are 
variable from one material to the other and at a screw speed to the other screw speed. 
6.2 Contribution to science 
Although ultrasonic vibrations have been introduced to polymer extrusion by previous 
workers, this work created a new approach to the application of ultrasonic energy to 
extrusion processing. The contributions of this study to related science are as follows: 
 New designs and shapes of ultrasonic horn.  
 Application of compressive and shear ultrasonic vibrations simultaneously.  
 Integration of the ultrasonic horn into the pipe die and utilize it for pipe extrusion. 
 Determination of ultrasonic vibrations effect on the polyolefin melt processing 
parameters and products characteristics. 
 Identification of the operation temperature as a key factor in design of the 
ultrasonic horns used at elevated temperature.  
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6.3 Future work 
The effects of ultrasonic vibrations were not significant enough to be applicable in plastic 
industry yet. To improve the efficiency and performance of the ultrasonic die, the current 
work could be continued with the following suggestion.  
 Study the performance and efficiency of ultrasonic horn at elevated temperatures. 
 Design of a flow path that can give a better and more uniform distribution of the 
polymer melt around the horn. 
 Seek an alternative for clamping of the ultrasonic die to avoid loss of ultrasonic energy 
at the clamping flange. 
 Study the efficiency of the ultrasonic horn in operational mode with simulation 
software. 
 New designs of ultrasonic horn based on compressive waves and application of them 
in a controlled way. The compressive waves are more effectual than shear waves and 
could result in better efficiency of the ultrasonic horn. 
 Studying the molecular structure of the treated and untreated samples and 
investigation of the ultrasonic vibrations effects on the orientation of the crystals and 
final product. 
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Appendix A  
I. The Ultrasonic Block Assembly 
 
Figure A-1: Side view of ultrasonic horn, mid block and the bottom block of the housing. 
 
Figure A-2: Mid block and the adaptor to deliver the feed to ultrasonic block. 
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Figure A-3: Top block of the ultrasonic block. 
 
Figure A-4: Top view of the bottom block of the ultrasonic block. 
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Figure A-5: Ultrasonic horn, the top block, the mid block and the bottom block. 
 
 
Figure A-6: Ultrasound housing block and the slit die. 
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Figure A-7: Ultrasonic horn, the transducer and the generator. 
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Appendix B  
I. Extrusion Results 
 
Figure B-1: Ultrasonic block pressure vs. Extruder screw speed for PE80 with out slit die. 
 
Figure B-2: Processing temperatures vs. Extruder screw speed for PE80 without slit die where T1-T3 
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Figure B-3: Extrusion output rate vs. Extruder screw speed for PE80 without slit die. 
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Figure B-5: Processing temperatures vs. Extruder screw speed for PE100 without slit die where T1-T3 
are barrel temperatures and T4&T5 are ultrasonic block temperatures. 
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II. Tensile Results 
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III. DMA Results 
 
Figure B-11: DMA Results of PE bars produced at 20rpm by both USEP and CEP methods. 
 
Figure B-12: DMA Results of PE bars produced at 30rpm by both USEP and CEP methods. 
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Figure B-13: DMA Results of PE bars produced at 40rpm by both USEP and CEP methods. 
 
Figure B-14: DMA Results of PE bars produced at 50rpm by both USEP and CEP methods. 
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IV. DSC Results 
 
 





Figure B-16: DSC curve of PE80 strips produced at 20rpm with out presence of ultrasound. 










Figure B-18: DSC curve of PE80 strips produced at 40rpm with out presence of ultrasound. 










Figure B-20: DSC curve of PE80 strips produced at 10rpm with presence of ultrasound. 










Figure B-22: DSC curve of PE80 strips produced at 30rpm with presence of ultrasound. 










Figure B-24: DSC curve of PE80 strips produced at 50rpm with presence of ultrasound. 
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V. Capillary Rheology Results 
 





Figure B-26: Shear Viscosity vs. Shear Rate for PE80 granules at 170
o
C. 
y = 44707x0.29 
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Figure B-28: Shear Viscosity vs. Shear Rate for PE80 granules at 175
o
C. 
y = 43821x0.2842 
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Figure B-30: Shear Viscosity vs. Shear Rate for PE80 granules at 180
o
C. 
y = 40140x0.2961 
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Figure B-32: Shear Viscosity vs. Shear Rate for PE80 granules at 185
o
C. 
y = 40097x0.2942 
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Figure B-34: Shear Viscosity vs. Shear Rate for PE100 granules at 170
o
C. 
y = 42724x0.2915 
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Figure B-36: Shear Viscosity vs. Shear Rate for PE100 granules at 175
o
C. 
y = 42103x0.2923 
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Figure B-38: Shear Viscosity vs. Shear Rate for PE100 granules at 180
o
C. 
y = 41344x0.2931 
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Figure B-40: Shear Viscosity vs. Shear Rate for PE100 granules at 185
o
C. 
y = 40752x0.3012 
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Figure B-41: Shear viscosity vs. shear rate for PE80 strips produced at 20 rpm with and without 
presence of ultrasonic vibrations. 
 
Figure B-42: Shear viscosity vs. shear rate for PE80 strips produced at 30 rpm with and without 
presence of ultrasonic vibrations. 
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Figure B-43: Shear viscosity vs. shear rate for PE80 strips produced at 40 rpm with and without 
presence of ultrasonic vibrations. 
 
Figure B-44: Shear viscosity vs. shear rate for PE80 strips produced at 50 rpm with and without 
presence of ultrasonic vibrations. 
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Appendix C  
I. Assembly of the ultrasonic Die 
 
Figure C-1: Recommended dimensions of second generation ultrasonic horn by Telsonic. 
LOWER SECTION
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Figure C-2: Drawings of the end block for 2
nd
 generation ultrasonic die. 
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Figure C-3: Unassembled ultrasonic die housing block components from left to right the bottom block, 
mid block and the top block. 
 
Figure C-4: Ultrasonic die installed on the extruder showing the ultrasonic transducer attached to the 
sonotrode. 
Bottom block Top block Mid block 
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Figure C-5: Extruder barrel pressure for CEP and USEP processing of PE80 pipes. 
 
  











































Screw Speed, rpm 
CEP
USEP
Appendix C - Assembly of the ultrasonic Die 
241 
 
Figure C-7: Extruder barrel pressure for CEP and USEP processing of 20% filled HYA600 pipes. 
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II. Tensile Results  
 




Figure C-10: Average stress vs. Strain for Rigidex5130 strips produced at 16rpm produced by CEP 
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Figure C-11: Average stress vs. Strain for Rigidex5130 strips produced at 20rpm produced by CEP 




Figure C-12: Average stress vs. Strain for Rigidex5130 strips produced at 24rpm produced by CEP 
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Figure C-21: Average stress vs. Strain for unfilled HYA600 pipes produced at 14rpm produced by 
CEP and USEP process. 
 
 
Figure C-22: Average stress vs. Strain for unfilled HYA600 pipes produced at 16rpm produced by 
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Figure C-23: Average stress vs. Strain for unfilled HYA600 pipes produced at 18rpm produced by 
CEP and USEP process. 
 
 
Figure C-24: Average stress vs. Strain for unfilled HYA600 pipes produced at 20rpm produced by 
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Figure C-25: Average stress vs. Strain for 20% filled HYA600 pipes produced at 14rpm produced by 
CEP and USEP process. 
 
 
Figure C-26: Average stress vs. Strain for 20% filled HYA600 pipes produced at 16rpm produced by 
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Figure C-27: Average stress vs. Strain for 20% filled HYA600 pipes produced at 18rpm produced by 
CEP and USEP process. 
 
 
Figure C-28: Average stress vs. Strain for 20% filled HYA600 pipes produced at 20rpm produced by 
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Figure C-29: Average stress vs. Strain for 40% filled HYA600 pipes produced at 14rpm produced by 




Figure C-30: Average stress vs. Strain for 40% filled HYA600 pipes produced at 16rpm produced by 
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Figure C-31: Average stress vs. Strain for 40% filled HYA600 pipes produced at 18rpm produced by 
CEP and USEP process. 
 
 
Figure C-32: Average stress vs. Strain for 40% filled HYA600 pipes produced at 20rpm produced by 
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Figure C-33: Elastic Modulus of HYA600 composites vs. particle volume fraction for pipes produced at 




Figure C-34: Elastic Modulus of HYA600 composites vs. particle volume fraction for pipes produced at 
16rpm with and without presence of ultrasonic vibrations. 
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Figure C-35: Elastic Modulus of HYA600 composites vs. particle volume fraction for pipes produced at 
18rpm with and without presence of ultrasonic vibrations. 
 
 
Figure C-36: Elastic Modulus of HYA600 composites vs. particle volume fraction for pipes produced at 
20rpm with and without presence of ultrasonic vibrations. 
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Figure C-37: Yield strength of HYA600 composites vs. particle volume fraction for pipes produced at 
14rpm with and without presence of ultrasonic vibrations. 
 
 
Figure C-38: Yield strength of HYA600 composites vs. particle volume fraction for pipes produced at 
16rpm with and without presence of ultrasonic vibrations. 
 
y = -44.494x + 22.858 
R² = 0.9994 
y = -41.204x + 22.492 
























y = -42.366x + 22.708 
R² = 0.9997 
y = -41.838x + 22.503 




























Figure C-39: Yield strength of HYA600 composites vs. particle volume fraction for pipes produced at 




Figure C-40: Yield strength of HYA600 composites vs. particle volume fraction for pipes produced at 
20rpm with and without presence of ultrasonic vibrations. 
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III. DMA Results 
 
Figure C-41: DMA Results of Rigidex5130 strips produced at 12rpm by both USEP and CEP methods 
the solid line represents CEP samples data and the dashed line is for USEP samples while for each set 
of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
 
Figure C-42: DMA Results of Rigidex5130 strips produced at 16rpm by both USEP and CEP methods 
the solid line represents CEP samples data and the dashed line is for USEP samples while for each set 
of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
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Figure C-43: DMA Results of Rigidex5130 strips produced at 20rpm by both USEP and CEP methods 
the solid line represents CEP samples data and the dashed line is for USEP samples while for each set 
of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
 
 
Figure C-44: DMA Results of Rigidex5130 strips produced at 24rpm by both USEP and CEP methods 
the solid line represents CEP samples data and the dashed line is for USEP samples while for each set 
of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
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Figure C-45: DMA Results of PE80 strips produced at 12rpm by both USEP and CEP methods the 
solid line represents CEP samples data and the dashed line is for USEP samples while for each set of 
data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
 
 
Figure C-46: DMA Results of PE80 strips produced at 16rpm by both USEP and CEP methods the 
solid line represents CEP samples data and the dashed line is for USEP samples while for each set of 
data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
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Figure C-47: DMA Results of PE80 strips produced at 20rpm by both USEP and CEP methods the 
solid line represents CEP samples data and the dashed line is for USEP samples while for each set of 
data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
 
 
Figure C-48: DMA Results of PE80 strips produced at 24rpm by both USEP and CEP methods the 
solid line represents CEP samples data and the dashed line is for USEP samples while for each set of 
data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
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Figure C-49: DMA Results of PE80 pipes produced at 14rpm by both USEP and CEP methods the 
solid line represents CEP samples data and the dashed line is for USEP samples while for each set of 
data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
 
Figure C-50: DMA Results of PE80 pipes produced at 16rpm by both USEP and CEP methods the 
solid line represents CEP samples data and the dashed line is for USEP samples while for each set of 
data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
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Figure C-51: DMA Results of PE80 pipes produced at 18rpm by both USEP and CEP methods the 
solid line represents CEP samples data and the dashed line is for USEP samples while for each set of 
data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
 
Figure C-52: DMA Results of PE80 pipes produced at 20rpm by both USEP and CEP methods the 
solid line represents CEP samples data and the dashed line is for USEP samples while for each set of 
data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz respectively. 
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Figure C-53: DMA Results of unfilled HYA600 pipes produced at 14rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 




Figure C-54: DMA Results of unfilled HYA600 pipes produced at 16rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
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Figure C-55: DMA Results of unfilled HYA600 pipes produced at 18rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 




Figure C-56: DMA Results of unfilled HYA600 pipes produced at 20rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
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Figure C-57: DMA Results of 20%wt filled HYA600 pipes produced at 12rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
 
Figure C-58: DMA Results of 20%wt filled HYA600 pipes produced at 14rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
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Figure C-59: DMA Results of 20%wt filled HYA600 pipes produced at 16rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
 
Figure C-60: DMA Results of 20%wt filled HYA600 pipes produced at 18rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
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Figure C-61: DMA Results of 20%wt filled HYA600 pipes produced at 20rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
 
Figure C-62: DMA Results of 40%wt filled HYA600 pipes produced at 12rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
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Figure C-63: DMA Results of 40%wt filled HYA600 pipes produced at 14rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 




Figure C-64: DMA Results of 40%wt filled HYA600 pipes produced at 16rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
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Figure C-65: DMA Results of 40%wt filled HYA600 pipes produced at 18rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 




Figure C-66: DMA Results of 40%wt filled HYA600 pipes produced at 20rpm by both USEP and CEP 
methods the solid line represents CEP samples data and the dashed line is for USEP samples while for 
each set of data the curves from top to bottom represent data acquired at 1Hz, 5Hz and 10Hz 
respectively. 
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IV. DSC Results 
 
Figure C-67: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 8rpm without 
presence of ultrasound. 
 
 
Figure C-68: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 12rpm without 
presence of ultrasound. 




Figure C-69: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 16rpm without 
presence of ultrasound. 
 
 
Figure C-70: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 20rpm without 
presence of ultrasound. 
 




Figure C-71: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 24rpm without 
presence of ultrasound. 
 
 
Figure C-72: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 8rpm with 
presence of ultrasound. 
 




Figure C-73: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 12rpm with 
presence of ultrasound. 
 
 
Figure C-74: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 16rpm with 
presence of ultrasound. 
 




Figure C-75: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 20rpm with 
presence of ultrasound. 
 
 
Figure C-76: DSC heat flow vs. temperature curve for Rigidex5130 strips produced at 24rpm with 
presence of ultrasound. 
 








Figure C-78: DSC heat flow vs. temperature curve for PE80 strips produced at 12rpm without 
presence of ultrasound. 
 




Figure C-79: DSC heat flow vs. temperature curve for PE80 strips produced at 16rpm without 
presence of ultrasound. 
 
 
Figure C-80: DSC heat flow vs. temperature curve for PE80 strips produced at 20rpm without 
presence of ultrasound. 
 




Figure C-81: DSC heat flow vs. temperature curve for PE80 strips produced at 24rpm without 
presence of ultrasound. 
 
 
Figure C-82: DSC heat flow vs. temperature curve for PE80 strips produced at 8rpm with presence of 
ultrasound. 
 








Figure C-84: DSC heat flow vs. temperature curve for PE80 strips produced at 16rpm with presence of 
ultrasound. 
 








Figure C-86: DSC heat flow vs. temperature curve for PE80 strips produced at 24rpm with presence of 
ultrasound. 
 




Figure C-87: DSC heat flow vs. temperature curve for PE80 pipes produced at 12rpm without 
presence of ultrasound. 
 
 
Figure C-88: DSC heat flow vs. temperature curve for PE80 pipes produced at 14rpm without 
presence of ultrasound. 
 




Figure C-89: DSC heat flow vs. temperature curve for PE80 pipes produced at 16rpm without 
presence of ultrasound. 
 
 
Figure C-90: DSC heat flow vs. temperature curve for PE80 pipes produced at 18rpm without 
presence of ultrasound. 
 




Figure C-91: DSC heat flow vs. temperature curve for PE80 pipes produced at 20rpm without 
presence of ultrasound. 
 
 
Figure C-92: DSC heat flow vs. temperature curve for PE80 pipes produced at 12rpm with presence of 
ultrasound. 
 








Figure C-94: DSC heat flow vs. temperature curve for PE80 pipes produced at 16rpm with presence of 
ultrasound. 
 








Figure C-96: DSC heat flow vs. temperature curve for PE80 pipes produced at 20rpm with presence of 
ultrasound. 
 




Figure C-97: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 12rpm 
without presence of ultrasound. 
 
 
Figure C-98: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 14rpm 
without presence of ultrasound. 
 




Figure C-99: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 16rpm 
without presence of ultrasound. 
 
 
Figure C-100: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 18rpm 
without presence of ultrasound. 
 




Figure C-101: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 20rpm 
without presence of ultrasound. 
 
 
Figure C-102: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 12rpm 
with presence of ultrasound. 
 




Figure C-103: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 14rpm 
with presence of ultrasound. 
 
 
Figure C-104: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 16rpm 
with presence of ultrasound. 
 




Figure C-105: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 18rpm 
with presence of ultrasound. 
 
 
Figure C-106: DSC heat flow vs. temperature curve for unfilled HYA600 pipes produced at 20rpm 
with presence of ultrasound. 
 




Figure C-107: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
12rpm without presence of ultrasound. 
 
 
Figure C-108: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
14rpm without presence of ultrasound. 
 




Figure C-109: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
16rpm without presence of ultrasound. 
 
 
Figure C-110: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
18rpm without presence of ultrasound. 
 




Figure C-111: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
20rpm without presence of ultrasound. 
 
 
Figure C-112: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
12rpm with presence of ultrasound. 
 




Figure C-113: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
14rpm with presence of ultrasound. 
 
 
Figure C-114: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
16rpm with presence of ultrasound. 
 




Figure C-115: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
18rpm with presence of ultrasound. 
 
 
Figure C-116: DSC heat flow vs. temperature curve for 20%wt filled HYA600 pipes produced at 
20rpm with presence of ultrasound. 
 




Figure C-117: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
12rpm without presence of ultrasound. 
 
 
Figure C-118: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
14rpm without presence of ultrasound. 
 




Figure C-119: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
16rpm without presence of ultrasound. 
 
 
Figure C-120: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
18rpm without presence of ultrasound. 
 




Figure C-121: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
20rpm without presence of ultrasound. 
 
 
Figure C-122: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
12rpm with presence of ultrasound. 
 




Figure C-123: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
14rpm with presence of ultrasound. 
 
 
Figure C-124: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
16rpm with presence of ultrasound. 
 




Figure C-125: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
18rpm with presence of ultrasound. 
 
 
Figure C-126: DSC heat flow vs. temperature curve for 40%wt filled HYA600 pipes produced at 
20rpm with presence of ultrasound. 
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V. Rheology Results 
 
Figure C-127: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for Rigidex5130 strips produced at 12 rpm with and without 
ultrasound. 
 
Figure C-128: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for Rigidex5130 strips produced at 16 rpm with and without 
ultrasound. 
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Figure C-129: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for Rigidex5130 strips produced at 20 rpm with and without 
ultrasound. 
 
Figure C-130: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for Rigidex5130 strips produced at 24 rpm with and without 
ultrasound. 
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Figure C-131: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 strips produced at 12 rpm with and without ultrasound. 
 
 
Figure C-132: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 strips produced at 16 rpm with and without ultrasound. 
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Figure C-133: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 strips produced at 20 rpm with and without ultrasound. 
 
 
Figure C-134: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 strips produced at 24 rpm with and without ultrasound. 
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Figure C-135: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 pipes produced at 14 rpm with and without ultrasound. 
 
Figure C-136: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 pipes produced at 16 rpm with and without ultrasound. 
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Figure C-137: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 pipes produced at 18 rpm with and without ultrasound. 
 
 
Figure C-138: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for PE80 pipes produced at 20 rpm with and without ultrasound. 
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Figure C-139: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600 pipes produced at 14 rpm with and without ultrasound. 
 
 
Figure C-140: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600 pipes produced at 16 rpm with and without ultrasound. 
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Figure C-141: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600 pipes produced at 18 rpm with and without ultrasound. 
 
 
Figure C-142: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600 pipes produced at 20 rpm with and without ultrasound. 
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Figure C-143: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 




Figure C-144: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600/20 pipes produced at 16 rpm with and without 
ultrasound. 




Figure C-145: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600/20 pipes produced at 18 rpm with and without 
ultrasound. 
 
Figure C-146: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600/20 pipes produced at 20 rpm with and without 
ultrasound. 
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Figure C-147: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 




Figure C-148: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600/40 pipes produced at 16 rpm with and without 
ultrasound. 




Figure C-149: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600/40 pipes produced at 18 rpm with and without 
ultrasound. 
 
Figure C-150: Dynamic shear storage modulus (G'), loss modulus (G") and complex viscosity (η*) 
plotted against angular frequency for HYA600/40 pipes produced at 20 rpm with and without 
ultrasound. 
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Appendix D  
I. Assembly of the ultrasonic Die 
 
Figure D-1: Recommended dimensions of the third generation ultrasonic horn by Telsonic. 
 
Figure D-2: Individual parts of the third generation ultrasonic die. 
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Figure D-3: Side views from components of the third generation ultrasonic die when fitted. 
 
Figure D-4: Final design sheet of third generation ultrasonic horn. 
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Figure D-5: Top plate design sheet for third generation ultrasonic die. 
 
Figure D-6: Design sheet for the feed side of the mid plate. 
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Figure D-7: Design sheet for the opposite side of the feed hole for the mid plate. 
 
Figure D-8: Design sheet for the feed side of the ring gate. 




Figure D-9: Design sheet for the opposite side of the feed hole for the ring gate. 
 
Figure D-10: Design sheet of the bottom block. 
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Figure D-11: Design sheet for the inner sleeve of the bottom block. 
 
Figure D-12: Design sheet for the steering plate. 
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Figure D-13: Design sheet for the ring clamp of the steering plate. 
 
Figure D-14: Design sheet for the adaptor block for connection of ultrasonic horn to 50mm extruder. 
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Figure D-15: Design sheet for the die mount for connecting the ultrasonic die to the 50mm extruder. 
